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CATALYZED NITRATION OF AMINES 
V. THE NITRATION OF ALIPHATIC DIALKYLCHLORAMINES! 


By G. S. MYErs? AND GEORGE F WRIGHT 


Abstract 


It has been found that dialkyichloramines can be nitrated to dialkylnitramines 
either in nitric acid or, better, in a mixture of nitric acid and acetic anhydride. 
Electropositive chlorine also is formed during this nitration. This formation 
supports a postulate that chloride-catalyzed nitration of secondary amines 
proceeds via the chloramine as an intermediate. Since electropositive chlorine 
is regenerated, the catalyzed nitration can be considered as a self-sustaining 
chain reaction. Examination of the by-products resulting from nitration of 
chloramines indicates that chloramine nitration, and not chloramine formation, 
is the rate-controlling step in the catalyzed nitration. 


Evidence has been accumulating to indicate the ephemeral existence of 
chloramines in the chloride-catalyzed nitration of aliphatic secondary amines. 
Electropositive chlorine, as hypochlorous acid, chlorine acetate, chlorine 
monoxide, or chlorine (or all of these) has been detected in the nitration 
mixture (3). The nitration of lysidine has yielded a product which seems to 
involve the elements of chlorine acetate, and a solution which we believe to 
contain the latter substance in acetic anhydride and acetic acid will convert a 
secondary amine to the corresponding chloramine (11), although chlorine, as 
such will not doso. Ifa freshly prepared solution of nitric acid and hydrogen 
chloride in acetic anhydride would also generate the chloramine from an . 
amine (11), it would be reasonable to postulate that chlorine acetate was also 
present in the chloride-catalyzed nitration of secondary amines, and that it 
functioned as an N-chlorinating agent. The present report deals with this 
chloramination, as well as the second phase of the nitration mechanism (the 
conversion of a chloramine to a nitramine). 


The preparation of dinitroxydiethylnitramine (DINA) was first chosen 
because the nitration of its parent amine was a clean and almost-quantitative 
reaction (4). Since the nitration of the chloramine would involve a full atomic 
equivalent of chlorine, it was necessary, for purposes of comparison, to nitrate 
B,8’-dihydroxydiethylammonium chloride and £,6’-dinitroxydiethylammo- 
nium chloride. The yields of dinitroxydiethylnitramine (DINA) from these 


1 Manuscript received July 2, 1947. ' 


Contribution from the Chemical Laboratory, University of Toronto, Toronto, Ont., with a 
Grant-in-Aid from the Associate Committee on Explosives, National Research Council of Canada, 


2 Holder of a Fellowship under the National Research Council of Canada, 1944-1945. 
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two hydrochlorides in nitric acid — acetic anhydride were closer to quantitative 
(94 and 97% respectively) than the yield (92%) obtained from diethanolamine 
and a catalytic amount of hydrogen chloride (4). 

Dinitroxydiethylchloramine was prepared in 95% yield by the method of 
Berg (1) from dinitroxydiethylammonium nitrate (4, 7, 8) and hypochlorous 
acid. It was necessary to use this product immediately because it was quite 
unstable and liable to explosive decomposition. When it was treated with 
nitric acid at a low temperature a fair yield (78%) of DINA was obtained, 
but the reaction mixture was unstable and likely to become uncontrollable. 
This was undoubtedly owing to the release of hypochlorous acid. On the 
other hand the yield of DINA from the chloramine in nitric acid and acetic 
anhydride was almost identical (96%) with that obtained from dinitroxydi- 
ethylammonium chloride, and the reaction mixture was quite stable. This 
might be expected if the acetic anhydride converted hypochlorous acid to 
chlorine acetate. Indeed, the considerable yield obtained from the chloramine 
with nitric acid alone is remindful of the nitrations of weak amines like imino- 
bis-acetonitrile (5, 10). On this basis the function of the acetic anhydride in 
a catalyzed nitration must be largely that of stabilization. 

The conversion of a chloramine to a nitramine in nitric acid — acetic anhy- 
dride medium was thus demonstrated as a possible step in the catalyzed 
nitration of secondary amines. The presence of a chloramine in the nitration 
system had, however, never been detected even after a vigilant search, although 
it was known qualitatively that electropositive chlorine was present. In order 
to establish this final link in establishment of mechanism for the catalyzed 
nitration, we first ascertained the amount of electropositive chlorine which 
developed from zinc chloride and nitric acid in acetic anhydride, and found 
by titration of the water-drowned mixture that it was 39% of that expected 
from Equation I. Qualitative proof that the electropositive chlorine in the 


I ZnCl, + 2HNO; + 3Ac.0 == = Zn(OAc). + N2O3 + 2ClOAc + 2HOAc 
aqueous liquor was hypochlorous acid was obtained by its conversion, in 
good yield, to dinitroxydiethylchloramine. 

With this evidence at hand for the oxidation of hydrogen chloride to hypo- 
chlorous acid by nitric acid, it might have been expected that a chloramine could 
be isolated from a nitration mixture which, according to Equation I, would 
contain just sufficient nitric acid to form chlorine acetate but not enough to 
effect subsequent nitration. Such a nitration mixture was prepared according 
to Equations II and III and it yielded 30% of the expected chloramine. 
II 2HCI + 2HNO; + 3Ac.0 — > 2ClOAc + N20; + 4HOAc 
III (NO;s—CH:—CH:2)2NH + ClOAc —> (NO;CH.—CH:)2.N—Cl + HOAc 
At the same time a 36% yield of dinitroxydiethylnitrosamine was formed, 
as might be expected according to Equations IV and V. 

IV Ac.O0 + N20; + 2HCl — > 2NOCI + 2HOAc 
Vv NOCi + (NO;—CH.—CH:):.NH ——> (NO;—CH:—CH:),.N—NO + HCl 
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It has already been shown that the chloramine can be converted to the 
nitramine according to Equation VI. 


VI (NO;—CH:.—CH:)2NCI + HNO; —>- (NO;—CH:—CH:2)2N—NO: + HOCI 


Since no nitrous acid or anhydride is produced in this latter reaction, one 
might expect that neither the nitrosamine nor nitrous acid would be found 
among the products. Neither compound could be detected. However, 
Equation VI does specify the production of hypochlorous acid. If this were 
stabilized by conversion to chlorine acetate, then it would be available for 
formation of more chloramine. The catalytic action of hydrogen chloride 
can thus be explained as a chain reaction wherein the chain carrier, electro- 
positive chlorine, is effective in so far as it is stabilized after regeneration. 

It may thus be asserted that, although the nitration can be effected without 
acetic anhydride, the yield is raised appreciably by the presence of this 
reagent. Thus the yield of DINA from diethanolamine in nitric and hydro- 
chloric acids alone is only 45%, while addition of acetic anhydride raises this 
to 92%. Furthermore, the anhydride becomes more necessary when the 
amine is strongly proton-attracting. Thus when dicyclohexylammonium 
chloride is treated with 10 moles of nitric acid without acetic anhydride, 93% 
of the amine can be recovered unchanged, and no nitramine can be detected. 
This means, of course, that hypochlorous acid is destroyed rapidly by nitric 
acid and therefore cannot be captured by the amine if its rate of chloramina- 
tion is relatively slow. 

If, as has been suggested (6), weakly proton-attracting amines form 
nitrogen—nitrogen bonded amine salts, the catalyzed nitration can be repre- 
sented in the first instance as the weakening of a strongly proton-attracting 
amine by conversion to its chloramine. The electron attracting power of 
the halogen atom would thus reduce the electron concentration at the nitrogen 
atom and to this extent favor:covalent nitrogen—nitrogen bond formation 
rather than proton appropriation. 

The first step of such a representation would involve chloramine formation. 
The suggested mechanism is shown as addition of the amine to chlorine 
acetate in an excited state. The resulting addition compound may then 
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undergo a 1,3 shift of hydrogen and a 1,3 shift of chlorine. Decomposition 
of the final complex would yield the chloramine and acetic acid. On the basis 
of a nonionic mechanism an explanation is thus depicted to explain why 
chlorine acetate, but not elemental chlorine (11), is efficient in acetic anhydride 
for chloramine formation.* 

The second step in the catalyzed nitration can then be represented as 
covalent nitrogen—nitrogen bonding of nitric acid with the chloramine, which 
is less basic than the parent amine. According to this formulation, hypo- 
chlorous acid is thus set free and must be stabilized by acetylation. Alter- 
natively the addition might involve nitronium acetate or nitronium nitrate. 
In this event, chlorine acetate or chlorine nitrate would then be set free. 


R x fo 2s 
: HONO, ai <a —HOCI oi. ese ve 
R:N: —— R:N :N:0: —— R:N:N::0 
e & B- ao) Baer 2 ee 
H 


Since a chloramine has never been isolated from a system containing suffi- 
cient nitric acid for subsequent nitration, it might be thought that in the 
reaction mechanism as outlined above the chloramination would be the slow 
step relative to nitramination. This does not, however, seem to follow from 
the results of nitration of several chloramines. Some insight into this aspect 
can be gained by inspection of Table I, which represents the nitration of four 
chloramines prepared by standard methods (1). 


It may be seen by reference to Expts. 1-4, 7-9, 10, and 12 in this table that 
in absence of acetic anhydride the yield of nitramine from chloramine can be 
decreased by increase in nitric acid. Comparison where the same quantities 
of nitric acid are used show that dinitroxydiethylchloramine, although it is 
the least stable of the series, gives the highest yield of nitramine. The yield 
of nitromorpholine from chloromorpholine is comparable. The yields of 
dibutylnitramine (Expt. 10) and dicyclohexylnitramine (Expt. 12) from 
chloramines whose parent amines are strongly proton-attracting are, however, 
extremely low (ca. 12%). Since this is the same relative order of yields in 
the hydrogen chloride — catalyzed nitration of these amines (3), one would 
infer that the nitration of chloramine was the rate-determining step. 


A satisfactory explanation for the absence of detectable chloramine in the 
nitration mixture may be afforded by inspection of the last column of Table I 
which lists the by-products that have been isolated from these nitrations. 
Referring again to the nitration without acetic anhydride, as much as 40 
mole % of cyclohexanone was isolated (according to the yield of its dinitro- 

* The combination of chlorine with a secondary amine would necessarily have to occur through 


a hydrogen bridge if octet electron concentration were to be preserved. It will be shown in a sub- 
sequent publication that the reaction representing this combination 


tends strongly to the left. 
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TABLE I 
NITRATION OF SOME SECONDARY CHLORAMINES 
Reagents Products, yields on chloramine 
Nitramine 
Reaction 
99% Acetic conditions % 
Expt.| Chloramine nitric acid i Yield M_p. Other peadacte, 
moles = 1 acid, sie Temp. °C. mole or b.p. % vane 
oisiee anhyd., basis pe fies +4 mole basis 
moles crude °C, 
refined 
1 Dinitroxy- 5 20/0, 20/25, 20/40 | 78.5/70.5| M.p. 41-45 | 4.5 glycol dinitraté 
diethyl- 
chloramine 
2 Same 5 12 HOAc| 15/0, 15/25, 14/40] 80.5/75 49-50 5 glycol dinitrate 
only 
3 Same 10 90/0, 30/25, 20/40 | 71 45-47 3 glycol dinitrate 
4 Same 14.6 20/0, 20/25, 20/40 | 69/65 45 .5-47 2.5 glycol dinitrate 
5 Same 1.35 | 1.59 AceO} 15/25, 15/40 96.4/95.1| 50-50.5 
; 2 HOAc 
6 Same ae 3 AcoO 10/25, 10/40 85/81.5 50-51 Trace glycol di- 
nitrate 
7 Chloromor- 5 120/0, 40/25, 68 49-50 6.5 glycol dinitrate 
pholine 30/45 
8 Same 10 120/0, 40/25, 72 50-51 7.5 glycol dinitrate 
20/45 
9 Same 17 120/0, 40/25, 59 51-52 21.5 glycol dinitrate 
20/45 
10 Dibutyl- 10.4 90/0, 10/20 12.7 B.p. 119- 5 butanal 
chloramine 130 (9 mm.) 
11 Same 4.5 5 AcxO 120/5, 30/25 57 127-129 8.1 by wt. 
(9 mm.) 
12 Dicyclohexyl- 10.6 90/0, 10/20 12.2 M.p. 130—- 40 cyclohexanone 
chloramine 132 
13 Same 4.75 | 5.3 AcoO | 30/24, 60/40 62.4 130-132 


























phenylhydrazone) in Expt. 12. Presumably the butanal from dibutyl- 

chloramine (Expt. 10) originated in the same manner. This is remindful of 

the reaction which Seliwanow (12) carried out on diethylchloramine in alkali. 
Cl H H 


VII | | H,0 | 
C.,Hs—N—C,H» oes C,Hs—N=C—C;H; —> C,HsNH,2 + O=—C—C;H; 
If this reaction is the source of the small amounts of monobutylamine and 
butanal (trace) which are found in the normal catalyzed nitration of dibutyl- 
amine, then it may be inferred that dibutylchloramine has a short but definite 
life in the reaction mixture. At the same time it cannot be detected as such 
because of its tendency to decompose according to Equation VII. 
Nitrations of chloromorpholine and dinitroxydiethylchloramine in nitric 
acid (Expts. 1-4, 7-9) gave the same by-product, glycol dinitrate. The 
source is evident for both compounds. Although glycol dinitrate has never 
been isolated from a normal chloride-catalyzed nitration of diethanolamine, 
its presence in trace has been suspected, because steaming of the crude DINA 
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in an alkaline medium not only destroys an impurity but likewise seems to 
raise the vacuum stability and Abel Heat Test of DINA above that expected 
for the pure compound. This augmentation in stability has also been im- 
parted to DINA by deliberate addition of ethylene glycol. The alkaline 
hydrolysis of glycol dinitrate would of course yield some of the glycol. 


NO;CH:CH: NO;CH:CH : NH; H:C——CH; 
H:O CH CH, HNO; 
VIII nal —> [ ——_- if + } ——f- - ON NOs 
—HCl _ en H:O + 
NO;CH:CH: NO;CH:CH; NO; NO; NH,NO; 


Expts. 5, 11, and 13 do show that in presence of acetic anhydride the yield 
of nitramines is raised approximately to that obtained in the chloride-catalyzed 
amine nitration, and the presence of by-products is decreased below the 
amount in which they can reliably be isolated. Nevertheless one may expect 
that, when large excesses of nitric acid are employed, the quality of the product 
will decrease. 

Reference to the experimental part will show that by-products are, however, 
formed during the nitration of chloramines, but they have not been identified 
except to the extent where one can say with fair assurance that none of the 
dialkyl nitrosamines are formed in the nitration of chloramines, either with 
or without acetic anhydride. 

The nitrations of the chloramines described above were carried out for the 
purpose of demonstrating the mechanism of the reaction, and the catalyzed 
nitration of the parent amine would in all these cases be recommended as a 
preparative method. In the case of diisopropylamine, on the other hand, the 
recommended procedure would involve the preparation of the chloramine and 
then its subsequent nitration. By this means a crude yield of 90% can be 
obtained which is easily purified to give 50% of the pure diisopropylnitramine. 
This is in marked contrast to the lower yield from the nitration of diisopropyl- 
ammonium chloride. The product from the nitration of the hydrochloride 
also is badly contaminated with diisopropylnitrosamine from which the 
nitramine is difficult to separate. There may be other instances where it is 
better to proceed via the chloramine as an isolated intermediate, but it should 
be pointed out that this type of intermediate is not always stable or easy to 


prepare. 
Experimental* 


B,6’-Dinitroxydiethylammonium Chloride 

To a suspension of 129 gm. (0.5 mole) of dinitroxydiethylammonium nitrate 
in a mixture of 200 cc. of water and 350 cc. of ether was added a warm solution 
of aqueous sodium carbonate over 14 min. with cooling. The ether layer was 
removed and the aqueous layer extracted with three more 100 cc. portions of 
ether. The combined ether extracts were cooled and treated with gaseous 
hydrogen chloride. Weight of crystalline dinitroxydiethylammonium chloride 


* All melting points have been corrected against reliable standards. 
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was 93.5 gm. (81% of theory), m.p. 156° to 158° C. (dec.). Crystallization 
from 10 parts of boiling acetic acid gave a 96% recovery of fluffy, plate-like 
crystals, m.p. 162.5° to 163°C. Cale. for CsHioNsHeCl: Cl, 15.4%. Found: 
Cl, 15.4%. 
B,8'-Dinitroxydiethylchloramine 

A. From Hypochlorous Acid 

To a solution of 204 gm. (6.792 mole) of dinitroxydiethylammonium 

nitrate in 1190 cc. of water and 1190 cc. of ether was added 662 cc. (0.792 
mole) of freshly prepared aqueous sodium hypochlorite, together with 300 cc. 
(0.91 mole) of 12% hydrochloric acid, over a half hour. The reaction mixture 
was stirred for 40 min. at 25° to 30° C. and the ether layer removed. The 
aqueous layer was further extracted with three 200 cc. portions of ether 
which were then combined, concentrated under reduced pressure, and the 
oily residue washed with 5% aqueous sulphuric acid and then with water 
before being dried. Weight of dinitroxydiethylchloramine was 174.1 gm. 
(95.6% of theory); di 1.443; m3 1.4840; calc. MRP 45.2, found 45.5. 

Dinitroxydiethylchloramine is a greenish-yellow liquid which was extremely 
unstable on standing, even at 0° C. It decomposed to give products one of 
which was dinitroxydiethylammonium chloride. The chloramine should not 
be stored since it sometimes decomposes violently and bursts into flame. 
Calc. for C4H3N3;0,Cl: C, 20.9; H, 3.48; N, 18.3%. Found: C, 21.3; 
H, 3.43; N, 18.6%. 

B. From Dinitroxydiethylammonium Chloride— Nitric acid — Acetic Anhydride 

Acetic anhydride, 25.5 cc. (0.25 mole), was added to a suspension of 

2.43 gm. (0.025 mole) of sulphamic acid (obviously ineffective in removing 
nitrous acid here) and 11.6 gm. (0.05 mole) of dinitroxydiethylammonium 
chloride in 28.5 cc. (0.5 mole) of acetic acid. It was followed immediately 
by the dropwise addition of 2.2 cc. (0.05 mole) of 99% nitric acid at 10° C. 
over 10 min. The suspension was stirred for five minutes at 10° to 15°C. 
and then drowned in 200 cc. of ice-water slurry. The oily slurry was 
extracted with two 100 cc. portions of ether and the ether-insoluble dinitroxy- 
diethylammonium chloride filtered off. Weight was 1.13 gm. (9.8% recovery). 
The ether extracts were evaporated with a stream of air to give a suspension 
of nitrosamine crystals in the liquid chloramine. The nitrosamine ‘was 


filtered; weight was 4.02 gm. (36% of theory), m.p. 44° to 45°C. One 


crystallization from warm ether gave purified dinitroxydiethylnitrosamine, 
m.p. 46° to 47°C. The weight of dinitroxydiethylchloramine was 3.46 gm. 
(30% of theory). It was identified as such by titration of the iodine it liberated 
from potassium iodide (86% of theory). Further confirmation as to its 
identity was obtained when it was nitrated with a solution of nitric acid in 
acetic anhydride to give an 83% yield of DINA. 


Electropositive Chlorine from Zinc Chloride — Nitric Acid — Acetic Anhydride 


A cold solution of 17.04 gm. (0.125 mole) of anhydrous zinc chloride in 
105 cc. (1 mole) of acetic anhydride was treated with 11 cc. (0.25 mole) of 
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99% nitric acid below 0°C. An aliquot of this mixture was drowned in 


aqueous sulphamic acid and this nitrous acid-free solution (on treatment 
with potassium iodide and subsequent titration of the iodine liberated with 
standard sodium thiosulphate) indicated 0.098 mole of hypochlorous acid 
to be present (39% of theory). The main reaction mixture and 20% sodium 
hydroxide were added simultaneously with stirring to a solution of 72 gm. 
(0.75 mole) of sulphamic acid in 300 cc. of water at a temperature below 10°C. 
so as to keep the pH between 4 and 5. An aliquot of this partially neutralized 
solution indicated that some hypochlorous acid had decomposed during the 
neutralization since only 0.08 mole remained (32% of theory). This was identi- 
fied as hypochlorous acid by adding to the partially neutralized, sulphamic 
acid treated reaction mixture, 20.64 gm. (0.08 mole) of dinitroxydiethyl- 
ammonium nitrate. After one hour of stirring at 15° to 20° C., the reaction 
mixture was extracted with three 100 cc. portions of ether which were washed 
with dilute sulphuric acid and finally with water. Evaporation of the ether 
with a stream of air left 14.98 gm. of dinitroxydiethylchloramine (81.5% of 
hypochlorous acid present). The chloramine was identified by conversion to 
dinitroxydiethylnitramine and by its decomposition to dinitroxydiethyl- 
ammonium chloride. 


Dinitroxydiethylnitramine 
A. From Diethanolammonium Chloride — Nitric Acid — Acetic Anhydride 

A viscous liquid, believed to be diethanolamine hydrochloride, was pre- 
pared by adding 131 cc. (1.55 moles) of concentrated hydrochloric acid to 
161.6 gm. (1.54 moles) of diethanolamine. The water was removed by 
distillation at 11 mm. and the pink viscous liquid remaining was dried to 
constant weight (218 gm.) over phosphorus pentoxide, at 10 mm. (100% of 
theoretical). 

To a solution of 15.5 cc. (0.352 mole) of 99% nitric acid in 39 cc. (0.39 
mole) of acetic anhydride, was added at 17° to 18° C. over a half hour, 11.0 
gm. (0.078 mole) of liquid diethanolamine hydrochloride. The resulting 
solution was stirred for 10 min. at 25°C. and 10 min. at 40° C. before being 
diluted with 5.4 cc. (0.3 mole) of water and concentrated by distilling off 
the acids at 11mm. The liquid residue, on being drowned in 80 cc. of water, 
gave 17.96 gm. of DINA (96% of theory); m.p. 50.5° to 51° C. 

Purification of this crude was effected by sparging it with steam in 36 cc. 
of boiling water for 20 min. Recovery of steamed DINA was 17.56 gm. 
(94%); m.p. 51.5° to 52°C. The loss in weight was probably due to the 
hydrolysis of DINA and not to the presence of dinitroxydiethylnitrosamine. 

B. From Dinitroxydiethylammonium Chloride — Nitric Acid — Acetic Anhydride 

Dinitroxydiethylammonium chloride, 11.58 gm. (0.05 mole), was added 
to a solution of 8.8 cc. (0.2 mole) of 99% nitric acid in 15 cc. (0.15 mole) of 
acetic anhydride at 17° to 18°C. over 25 min. The homogeneous solution 
was stirred for 10 min. at 25° C., 10 min. at 40° C., then diluted with 5.4 cc. 
of water and the acids removed by distillation at 11 mm. The DINA was 
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precipitated by addition to 80 cc. of water. Weight was 11.7 gm. (97.5% of 
theory); m.p. 50° to 50.5° C. 

C. From Dinitroxydiethylchloramine — Nitric Acid 

Freshly prepared dinitroxydiethylchloramine, 25.78 gm. (0.112 mole), 

which contained a trace of dinitroxydiethylammonium chloride from its 
decomposition, was added to 24.9 cc. (0.565 mole) of 99% nitric acid at 
10° to 15° C. over 12 min. The yellow reaction mixture was 20 min. at each 
of 0°, 25°, and 40° C. before the nitric acid was removed by distillation at 
11 mm. and the DINA precipitated from the residue by addition to 100 cc. 
water. Weight was 21.1 gm. (78.5% of theory); m.p. 41° to 45°C. The 
yield of steamed DINA was found to be 70.5% of theory; m.p. 47.5° to 49°C. 

When this preparation was repeated at —75° C. and the reaction mixture 
poured into ice the yield of nitramine was the same. The aqueous filtrate 
gave a negative test for nitrous acid with a-naphthylaminesulphanilic acid. 
Titration for hypochlorous acid indicated 15% of that expected from the 
chloramine. 


- D. From Dinitroxydiethylchloramine — Nitric Acid — Acetic Anhydride 


To a solution of 7.95 cc. (0.181 mole) of 99% nitric acid and 15.3 cc. 
(0.268 mole) of acetic acid in 21.6 cc. (0.211 mole) of 92% acetic anhydride 
was added 30.77 gm. (0.134 mole) of dinitroxydiethylchloramine at 5° to 
7° C. over 10 min. This run was stirred for 15 min. at both 25° and 40° C. 
and then processed in the usual manner. Yield of DINA was 30.9 gm. 
(96.4% of theory); m.p. 50° to 50.5°C. The aqueous filtrate contained no 
nitrous acid but did contain 18% of the hypochlorous acid expected from 
nitration of the chloramine. 


Dicyclohexylchloramine 


Fouque (9) originally prepared this chloramine by treating either dicyclo- 
hexylamine or the amine carbonate with aqueous hypochlorous acid. Since he ~ 
reports no yields, the following slightly modified procedure is indicated here. 

A suspension of 32.7 gm. (0.15 mole) of purified dicyclohexylammonium 
chloride, in a mixture of 225 cc. of water and 225 cc. of ether, was treated 
on stirring at 30° C. with 211 cc. (0.236 mole) of alkaline sodium hypochlorite 
solution together with 36.2 cc. (0.119 mole) of 12% hydrochloric acid over a 
period of an hour and three-quarters. The undissolved dicyclohexylam- 
monium chloride was filtered; weight was 10.5 gm. (32% recovery); m.p. 
305° to 333°C. (dec.). The ether layer was separated from the aqueous 
layer and washed with three 75 cc. portions of 5% sulphuric acid and then with 
water. The ether extract was evaporated in a stream of air and the pale 
yellow oil which remained was dried at 10 mm. at 25°C. Weight of crude 
chloramine was 20.87 gm. (65% of theory). This could be purified by solution 
in 95% ethanol at 25° C. and cooling to — 70° C.; m.p. was then 25° to 26° C. 
Purified dicyclohexylchloramine can be kept at 0° C. for several days without 
much decomposition to dicyclohexylammonium chloride and other unidentified 
products. 
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Dicyclohexylnitramine 
A. From Dicyclohexylchloramine and Nitric Acid 


Freshly prepared dicyclohexylchloramine, 7.16 gm. (0.033 mole), was 
added to 15.4 cc. (0.35 mole) of 99% nitric acid at —5° to 0° C. over 11 min. 
The reaction was very exothermic and necessitated efficient cooling to control 
the temperature. If the temperature was not controlled during the early 
part of the reaction, a violent ‘fume off’ resulted and the nitramine was largely 
destroyed. After addition of the reagents and subsequent stirring at 0° C. 
for 90 min., the contents was allowed to warm to 20° C. for 10 min. and then 
drowned in 100 cc. of ice-water mixture. The oily solid which precipitated 
out was filtered, water washed, and dried at 10 mm. over calcium chloride. 
Weight was 0.91 gm., m.p. 130° to 131.5° C. Yield of dicyclohexylnitramine, 
identified by mixed melting point with an authentic sample, was 12.2% of 
theory. 

The weight of unidentified oil separated from the aqueous filtrate was 
0.495 gm. (6.9% by weight on chloramine). 

An aliquot of the reaction mixture, withdrawn 20 min. after the addition 
of the reagents was completed, was drowned in water. The yield of crude 
nitramine, contaminated with some dicyclohexylammonium chloride, was 
14% of theory. Treatment of the acid filtrate with an aqueous hydrochloric 
acid solution of 2,4-dinitrophenylhydrazine, gave 3.68 gm. of hydrazone; 
m.p. 149° to 150° C. This was identified as the 2,4-dinitrophenylhydrazone of 
cyclohexanone by mixed melting point with the compound obtained by 
treating cyclohexanone with the hydrazine under similar conditions. When 
comparative yields were taken into account, the amount of cyclohexanone 
was calculated as 40% of the amount that might be formed from the chlor- 
amine on the 1: 1 molar basis. Aliquots of the reaction mixture taken later 
during the reaction indicated considerable decomposition of the cyclohexanone 
had occurred. 


B. From Dicyclohexylchloramine, Nitric Acid and Acetic Anhydride 


To a cold solution of 4.12 cc. (0.094 mole) of 99% nitric acid in 10.5 cc. 
(0.104 mole) of 92% acetic anhydride, was added 4.25 gm. (0.0197 mole) 
of dicyclohexylchloramine at 8° to 10° C. over 12 min. This reaction mixture 
was allowed to warm by itself at 25° C., checked there by immersing in a 
23° C. water bath, and stirred five hours at this temperature before being 
warmed to 40° C. for one hour, and then drowned in 125 cc. of ice-water 
mixture. The solid precipitate was filtered and combined with the known 
amount of brown solid obtained on extracting the acid filtrate, neutralized 
to pH 11 with sodium hydroxide, with three 35 cc. portions of ether. The 
combined weight of brown precipitate was 4.41 gm.; m.p. 104° to 115°C. 
This was separated by chromatographing twice trom a 4 : 1 silicic acid : Celite 
column into a 62.4% yield (1:1 mole) of dicyclohexylnitramine together 
with 34% yield (by weight on the chloramine) of an unidentified brown tar. 
No nitrosamine nor dicyclohexylacetamide were found. 
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Blank runs to determine the stability of dicyclohexylnitramine in both 
nitric acid and nitric acid — acetic anhydride media indicated that much 
decomposition of the nitramine took place in nitric acid, with the formation 
of a brown tar similar to the unidentified by-products formed in the above 
nitrations. Decomposition was less noticeable in acetic anhydride — nitric 
acid. 


Dibutylchloramine 

An aqueous solution of sodium hypochlorite was analyzed for alkalinity (1) 
by boiling a 25 ml. aliquot with 0.001 gm. cobalt nitrate (to convert hypo- 
chlorite to chloride with loss of oxygen) and then filtering before titration 
with normal acid. The solution was then cautiously neutralized to pH 7 with 
hydrochloric acid. The electropositive chlorine was determined iodometrically 
and was usually about 1.5 normal. To 1 mole of this solution (1.48 N, 
676 ml.) in a 2 liter flask was added with stirring and ice-cooling a solution of 
1 mole (129 gm.) of dibutylamine in hydrochloric acid (pH 4) over 40 min. 
_ After four hours’ subsequent stirring (pH finally ca. 6) the oil was separated, 
washed cold once with 50 cc. water, thrice with 12% sulphuric acid, and 
thrice with water. This crude oil weighed 148 gm. or 91% of theoretical. Its 
chloramine content was determined as 102% by solution in acetic acid and 
iodometric titration (2). This crude was distilled at 64° to 64.8° C. (10 mm.) 
to yield 130 gm. of oil melting at about —60°C. The electropositive chlorine 
content was thus reduced to 99% by its separation from the buty] dichloramine 
fraction boiling at 36° to 59°C. (10 mm.). ; 


Dibutylnitramine 
A. From Dibutylchloramine and Nitric Acid 


Di-n-butylchloramine, 25 gm. (0.153 mole), b.p. 97.5° to 99° C. at 48 mm., 
was added dropwise to 70 cc. (1.6 mole) of 99% nitric acid at 0° C. over 42 
min. This solution was digested at 0° C. for 90 min. and then allowed to 
warm to 20° C. over 10 min. before being drowned in 400 cc. ice—-water mixture. 
The oil was washed wtih aqueous sodium carbonate. The aqueous layer was 
neutralized with sodium carbonate and extracted with ether. The oil was 
dissolved in the ether extracts, which were washed with water and dried over 
Drierite. Distillation of the ether extracts gave 12.9 gm. of oil which was 
redistilled to give 3.38 gm. of crude dibutylnitramine (12.7% of theory); 
b.p. 119° to 130°C. (9 mm.), (principally 124° to 128°C.), 5.8 gm., b.p. 
30° to 115°C. (9 mm.) and 3.13 gm. of nondistillable material (by weight 
23% and 12% respectively on chloramine basis). 

An aliquot of the water-drowned reaction mixture, on treatment with 2,4- 
dinitrophenylhydrazine, indicated that the complete reaction mixture would 
have yielded 1.82 gm. of ‘the 2,4-dinitrophenylhydrazone of butanal; m.p. 
104° to 107°C. (5% of theory 1:1 mole). This was identified by mixed 
melting point with an authentic sample. 
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B. From Dibutylchloramine, Nitric Acid and Acetic Anhydride 


To a cold solution of 121 cc. (2.75 mole) of 99% nitric acid in 314 cc. 
(3.06 moles) of 92% acetic anhydride was added with stirring 100 gm. (0.612 
mole) of di-w-butylchloramine at 5° to 10° C. over a period of 20 min. The 
solution was allowed to warm to 25°C. for two hours and finally to 40° C. 
for 30 min. This run was processed by diluting the cooled reaction mixture 
with 72 cc. (4 moles) of water and removing the acids by distillation at 10 mm., 
before drowning the contents in 500 cc. of water. Neutralization with sodium 
carbonate, extraction with ether, and subsequent removal of the ether left 
85.5 gm. of brownish oil which was distilled in a Claisen flask to give 73.7 gm. 
of liquid; b.p. 48° to 121.5° C. (4 mm.) and a still residue of 10.2 gm. of black 
liquid (10.2% by weight on chloramine). Fractional distillation of the 
distillate through a Fenske column gave 60.7 gm. of dibutylnitramine, b.p. 
127° to 129° C. (10 mm.) (57% of theory), together with 8.1 gm. of a sweet 
smelling liquid, b.p. 55° to 127° C. (10 mm.), and 5 gm. of still residue (8.1 
and 5% by weight on chloramine, respectively) which was probably mostly 
dibutylnitramine. No nitrosamine nor dibutylacetamide were found. 


Chloromor pholine 


To a solution of 130.8 cc. (1.5 moles) of morpholine in 550 gm. (1.5 moles) 
of 10% aqueous hydrochloric acid were added, simultaneously and equiva- 
lently, 184 cc. (2.18 moles) of concentrated hydrochloric acid and 1510 cc. 
(1.5 moles) of aqueous sodium hypochlorite at 10°C. over 40 min. The 
yellow solution was stirred one hour at 25°C., extracted with ten 200 cc. 
portions of ether, and the extracts dried over calcium chloride. Distillation 
of the ether extracts at 12 mm. gave 98.6 gm. of colorless chloramine (54% 
of theory); b.p. 40.5° to 44°C. (12 mm.); di 1.58; 33 1.4695; MRP 
calc. 28.6; found 29.3 (L.L.). The solid residue in the flask was morpholine 
hydrochloride from the decomposition of the chloramine. The chloramine 
distillate started to decompose to a crystalline sediment almost immediately 
(presumably to form morpholine hydrochloride). Calc. for CsHsNOCI: 
C, 39.5; H, 6.59; N, 11.5%. Found: C, 39.7; H, 6.69; N, 11.0%. 
Nitromor pholine 

Freshly prepared chloromorpholine, 24.4 gm. (0.2 mole), was introduced 
into 88 cc. (2 moles) of 99% nitric acid below the surface of the acid at 10° C. 
over 10 min., with vigorous stirring. This solution was stirred in an ice bath 
for two hours, warmed to 25° C. and finally to 45° C. for 20 min., before being 
drowned in 400 cc. of ice-water slurry and neutralized with sodium carbonate. 
Extraction of this mixture with ten 25 cc. portions of chloroform and sub- 
sequent distillation of the dried extracts gave 22.21 gm. of distillate, b.p. 
92° to 112.6° C. (11 mm.), which by means of further distillations and 
‘freezings’ was separated into 19 gm. of nitromorpholine (72% of theory); 
m.p. 50.5° C., and 2.27 gm. of glycol dinitrate (7.5%, 1:1 mole). 


The crude glycol dinitrate, b.p. 90° to 99°C. (11 mm.), was identified as 
such by elemental analysis and hydrolysis to glycol and nitric acid by boiling 
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with dilute sulphuric acid. The glycol in the hydrolyzate was characterized 
by conversion to glycol dibenzoate on treatment with benzoyl chloride and 
potassium hydroxide in a Schotten—Baumann type reaction. The nitric acid 
was determined by titration with standard alkali. 


From Chloromorpholine, Nitric Acid and Acetic Anhydride 


Chloromorpholine (which though freshly prepared had started to decom- 
pose), 23.1 gm. (0.19 mole), was added to a solution of 10.9 cc. (0.248 mole) 
of 99% nitric acid and 31.4 cc. (0.306 mole) of 92% acetic anhydride in 
10.9 cc. (0.191 mole) of acetic acid, dropwise at 5° to 10° C. over 15 min. 
It was stirred in an ice bath for 25 min., at 25° C. for 20 min. and then at 
40° C. for 10 min. before being diluted with 5.4 cc. (0.3 mole) of water and 
concentrated’ under reduced pressure. The oily residue was drowned in 
600 cc. of water and the sticky precipitate filtered, washed with water, and 
ether. Weight of nitromorpholine was 2.63 gm.; m.p. 51.5 to 52°C. The 
filtrate and washes were neutralized with sodium carbonate and extracted 
with ten 20 cc. portions of chloroform. Distillation of the extracts gave a 
-further 11.88 gm. of nitromorpholine (total yield is 58% of theory) together 
with 1.93 gm. (8.4% by weight on chloromorpholine) of an undistillable 
viscous liquid which slowly crystallized, after a fraction had been removed 
in a molecular still at 10-* mm., to a white solid; m.p. 124° to 125°C. 


This solid was crystallized to a constant melting point of 135° to 135.5° C. 
after several crystallizations from boiling methanol. It gave a positive 
Franchimont nitramine test. The compound was destroyed by refluxing in 
water for 16 hr. The hydrolyzate gave a positive lanthanum nitrate test for 
acetic acid, a negative brucine test for nitric acid, and a strong odor of acetal- 
dehyde. The acetaldehyde was identified by preparation of the 2,4-dinitro- 
phenylhydrazone derivative. This compound, which contains no chlorine, 
was analyzed but not identified. It was insoluble in dilute acid or alkali. 
Calc. for Ci7H2zN;Ou : C, 38.9; H, 5.14; N, 13.3%. Cale. for CisHosN sO: : 
C, 38.8; H,.5.09; N, 14.1%. Found: C, 38.9; H, 5.08; N, 13.5%. 
Diisopropylchloramine 

This chloramine was prepared in the usual manner (1) by the action of 
sodium hypochlorite and hydrochloric acid on a cold aqueous solution of 
_ diisopropylammonium chloride. The 50% crude yield was contaminated 
with isopropyldichloramine from which it was separated in 80% recovery as 
the latter fraction, b.p. 21°C., in a distillation under 1.6 mm. pressure. 
This product contained 100% diisopropylchloramine according to its dis- 
placement of iodine from potassium iodide in acetic acid. 


Diisopropylnitramine 
A solution of 96 cc. (1.0 mole) of acetic anhydride and 5.4 cc. (0.125 
mole) of 99% nitric acid was chilled below 0° C. and 7.6 gm. (0.056 mole) 


of diisopropylchloramine was then added. The reaction mixture was then 
warmed cautiously to 20°C. and held at this temperature for two hours. 
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It was then poured into ice and neutralized in the cold with alkali. A crude 
yield of 7.36 gm. was filtered off and crystallized from aqueous ethanol to 
give 4.08 gm. of pure diisopropylnitramine; m.p. 107° to 108°C. This 50% 
yield was not contaminated with diisopropylnitrosamine, and none of this 
compound could be isolated from the reaction mixture. 

When 0.1 mole of diisopropylchloramine was treated for four hours at 
10° C. with 0.4 mole acetic anhydride the chloramine was recovered in 67% 
yield; about 10% of diisopropylammonium chloride was also present. 
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CATALYZED NITRATION OF AMINES 
VI. THE NITRATION OF DI-n-OCTYLAMINE! 


By K. K. CARROLL AND GEORGE F WRIGHT 


Abstract 


The yield of purified dioctylnitramine from di-n-octylammonium chloride is 
low and the crude nitration product is badly contaminated with by-products 
which contain halogen. Since dioctylamine can be nitrosated, acetylated, 
chlorinated, and p-toluenesulphonated with ease it is considered that the low 
yield of nitro compound is owing to decomposition of the dioctylchloramine 
which is intermediate during the nitration process. A mechanism for this decom- 
position is suggested on the basis of the products isolated from treatment of 
the chloramine with hydrogen chloride, acetyl chloride, acetic acid, or acetic 
anhydride. 


On the basis of their relative proton-attracting abilities (4) dioctylamine 
might have been expected to undergo catalyzed nitration (2, 3) more easily 
than di-n-butylamine. In actual fact none of the nitro compound could be 
isolated when the larger molecule was nitrated under conditions (0°C., 
1 equivalent of hydrogen chloride) whereby dibutylnitramine would be 
produced in 27% yield in less than a day. When the reaction time and tem- 
perature were increased to seven days at 25° C., a crude product was obtained 
from dioctylammonium chloride, nitric acid, and acetic anhydride. From this 
crude, a 17% yield of dioctylnitramine was finally obtained after extensive 
decomposition of chlorinated by-products during distillation. This product 
was slightly contaminated with chlorinated impurities; they could be destroyed 
by hot 70% nitric acid toward which the nitramine was resistant. 


Although the imino group in di-n-octylamine was thus not easily nitrated, 
it did not seem to be unduly sluggish in other reactions. Thus dioctylacet- 
amide could be prepared in 96% yield, dioctylnitrosamine in 67% yield, 
dioctyl-p-toluenesulphonamide in 62% yield, and dioctylchloramine in 96% 
yield. These reactions occurred at a normal rate expected for aliphatic 
amines. 


It has been postulated (5, 7) that nitration of secondary amines proceeds 
via the chloramines. While dioctylchloramine did not appear abnormal 
toward direct replacement of imino hydrogen (it gave‘a 55% yield of dioctyl- 
cyanamide with potassium cyanide) its nitration was just as slow and unsatis- 
factory as that of dioctvlammonium chloride. In both cases the reaction 
required seven days at 25°C.; an attempted processing in two days was 
impossible owing to decomposition during distillation unless the crude material 
was first treated with gaseous hydrogen chloride. This treatment is known to 
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convert chloramines to amine hydrochlorides with evolution of chlorine (8). 
Not only was chlorine evolved during this treatment of the undistilled crude 
material, but a marked decomposition occurred which might be expected from 
this generation of chlorine. 


Cl H 
| HCl 
CsHi;x—N—CsHi; ————> CsHi7—N—CsHi; + Che 
The vield of dioctylnitramine was much lower when either dioctylammonium 

chloride or dioctylchloramine was nitrated for two days at 25°C. rather 
than seven days. Since unchanged chloramine was present in both reactions 
after two days, the delay in the reactions was evidently not owing to its slow 
formation but rather to its slow nitration. It was suspected that this accumu- 
lation of chloramine promoted side reactions owing to its decomposition. 
The effect on dioctylchloramine of the several reagents used in the nitration 
(with the exception of nitric acid) (7) was therefore studied. 


Firstly the effect of hydrogen chloride was re-examined. When the chlor- 
amine was added to an ether solution of hydrogen chloride, 80% of the chlorine 
was evolved according to the reaction I —> VI. When the order of 
addition was reversed by introducing hydrogen chloride into an ether solution 
of the chloramine the yield of chlorine was lowered to 50%. In either case 
the yield of dioctylammonium chloride was about the same (70 to 80%). 
On the other hand, when the chloramine was added to a methanol solution of 
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| plus | 
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hydrogen chloride, there was detected only 8% of the chlorine and 50% of the 
dioctylammonium chloride expected from the transformation I —> VI. 
These results tend to show that, although the decomposition of dioctylchlor- 
amine is effected by hydrogen chloride, a large excess of this reagent in an 
active condition is required to promote the intermolecular reaction to produce 
chlorine and dioctylammonium chloride. Alternatively an intramolecular 
reaction involving chlorination of the hydrocarbon radical may occur. This 
is equivalent to the statement that the chloramine has the choice, in some 
intermediate state which is possibly its hydrochloride II, of chlorinating either 
itself to give III or else of chlorinating hydrogen chloride to chlorine. In this 
sense, III can be considered as the precursor of the aldimine V. 

The implication that hydrogen chloride is responsible for the destruction 
of dioctylchloramine in the catalyzed nitration is of course erroneous to the 
extent that hydrogen chloride would not long survive in acetic anhydride 
solution. It would be converted to acetyl chloride. The action of acetyl 
chloride on the chloramine was therefore investigated briefly. One-half 
equivalent added to one equivalent of dioctylchloramine reacted vigorously 
to give 37% of the dioctylammonium chloride expected on the 1 : 1 basis for 
the reaction I —> VI. In this case the hydiogen required for the amine 
salt must have resulted from the formation of an aldimine. The products 
arising from the action of acetyl chloride may therefore be essentially the same 
as those produced by hydrogen chloride. 


It is evident that the spontaneous decomposition of dioctylchloramine would 
represent the condition of minimal hydrogen chloride concentration,.since the 
dioctylamine which was formed would absorb it as the hydrochloride, VI. 
The spontaneous decomposition of dioctylchloramine was found to be so rapid 
at 100° C. that purification of the substance by molecular distillation had to 
be held below this temperature. A deliberate decomposition at 100° C. was 
complete in 90 min. in the sense that electropositive chlorine had disappeared. 
Out of the dark residue there was isolated a salt which would represent 59% 
of the dioctylamine expected from the reaction I —> VI. Treatment of 
this salt with alkali did indeed yield 80% of the expected dioctylamine, 
together with a more volatile fraction which contained chloro compounds but 
no monoéctylamine. 

The remainder of the spontaneous decomposition mixture was not a salt. 
When it was distilled it yielded first a chlorinated mixture which by test was 
aldehydic, although a definite 2,4-dinitrophenylhydrazone could not be 
obtained. The second fraction of the distillate was also a mixture; it was 
unstable and precipitated a hydrochloride salt in small amount. This preci- 
pitation ceased a few hours after distillation, but it re-occurred to about the 
same extent if the material was redistilled. Under alkaline hydrolytic con- 
ditions this material was found to yield n-octylamine, recognizable as its 
di-p-bromosulphony] derivative. 
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It would seem from these findings that dioctylchloramine, I, decomposed 
initially by a course such as I —~> V to give n-octyl octaldimine.* The 
hydrogen chloride which was thus available reacted with more chloramine 
by the course I —> IV to give dioctylamine (which captures hydrogen 
chloride to give VI) and chlorine. This chlorine might be expected to react 
with dioctylamine to give chlorodioctylamine as its hydrochloride (IV —> 
III) or else to react with V to give N-octyl chloroéctaldimine, VII. An inspec- 
tion of this formulation does, however, reveal that it could not account for 
more than a 50% yield of dioctylammonium chloride, VI. In order to 
provide the extent of electropositive to electronegative chlorine conversion 
required by the 59% yield of dioctylammonium chloride which actually was 
obtained, it is therefore necessary to postulate a further elimination of hydrogen 
chloride. Part of this hydrogen chloride could arise from dichlorination of V 
to give VIII in addition to VII. If the 59% yield of dioctylammonium 
chloride is genuine (it was a crude yield) then the reaction I —> IV would 
not produce quite enough chlorine to provide the necessary hydrogen chloride 
from the reaction V —> VII + VIII. In this event it becomes necessary 
to postulate a further elimination of hydrogen chloride, which is shown as 
Vili —~e- IX. 

In contrast to the rapid reaction which occurred with hydrogen or acetyl 
chloride the reaction of dioctylchloramine with acetic anhydride was found 
to be quite slow at 25°C. Six days elapsed before a negative test for electro- 
positive chlorine was obtained. The vield of dioctylammonium chloride was 
almost identical with that obtained by the acetyl chloride treatment. The 
remainder of the product was a thermally unstable oil which yielded two 
fractions when distilled. The first was a chlorinated mixture from which no 
derivative could be isolated, although qualitatively it gave a highly character- 
istic blood-red color with ethanolic phenylhydrazine, which finally turned 
yellow while phenylhydrazine hydrochloride precipitated. 


The main fraction from this distillation was a high boiling oil which con- 
tained combined halogen. About half of this oil was isolated as N-n-octyl- 
caprylamide. The remainder of the material was not identified satisfactorily 
but it probably contained either dioctylacetamide or its chlorine substitution 
product, since it yielded acetic acid after hydrolysis with sulphuric acid. It is 
possible that the N-octyl caprylamide, X, arises from addition of chlorine 
acetate to N-octyl octaldimine, V. 


The isolation of this N-octyl caprylamide caused some concern because an 
acyl amide of this type can be nitrated. The stability of such a compound 
as N-octyl caprylnitramine would be much less than that of di-n-octylamine 


* The transformations described here are not completely novel. Thus under the most careful 
operation in the preparation of dialkylchloramines there is undoubtedly a reaction of the type 
— > V proceeding. Since, however, the chlorinating medium is aqueous, the aldimine V is 
readily hydrolyzed to the constituent primary amine. The hypochlorous acid which 1s present at 
this stage would, of course, convert this primary amine to the alkyl mono- or dichloramine, RNHC1 
or RNCl.. These by-products are always encountered to some extent during preparation of 
dialkylchloramines. 
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in which it might appear as an impurity after catalyzed nitration of dioctyl- 
ammonium chloride. It would appear, however, that this contamination 
would not occur in the nitration product from dioctylamine. When N-n-octyl 
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caprylamide was nitrated with large excesses oi nitric acid and acetic anhydride 
the acylnitramine was not formed. Likewise no N-butyl-N-nitrobutyramide 
was obtained from N-butyl butyramide with 10 equivalents of nitric acid and 
15 equivalents of acetic anhydride, either in absence or presence of nitrous 
acid. This confirms the observation reported previously (5) that acylnitra- 
mines are unstable in acidic media, and can be prepared only when they are 
insoluble in the nitrating agent. 


Although the complexity of the decomposition products of dioctylchloramine 
has prevented definite identification, it seems reasonable to presume that these 
chloro compounds, or their nitration products, have consumed much of the 
electropositive chlorine catalyst in the nitration of dioctylamine. It may be 
expected that similar trouble with by-products will be encountered wherever 
the nitration of a chloramine is a slow reaction. 


Experimental* 

Purification of Di-n-octylamine 

The commercial material gave a yellow tinge to its acetic acid solution. 
It was purified through its hydrochloride, prepared from dry hydrogen chloride 
in 30% ether solution. This salt was crystallized in 90% recovery from 1: 1 
water-—ethanol (5 cc. per gm.). The amine was regenerated from alkali solution, 
dried over sodium at 100°C. and distilled at 298° to 300°C. (751 mm.); 
159° to 161°C. (10 mm.); mp 1.4415; di° 0.7968; MRP 80.1 (calc. 79.8). 
Its setting point was 10.3°C. while that of the hydrate was 34° to 36°C., 
a temperature previously reported for the melting point of the amine (1, 6, 9). 

The proton-attracting power in acetic acid was approximately that of 
dibutylamine (4). 


Di-n-octylammonium Picrolonate 


This compound was prepared from the amine (or the hydrochloride) and 
picrolonic acid in boiling ethanol, m.p. 173° to 174°C. Crystallization from 
ethanol raised this to 173.5° to 174.5° C. Calc. for CosHaN;O;: C, 61.7; 
H, 8.57; N, 13.8%. Found: C, 61.4; H, 8.46; N, 14.1%. 


*All melting points have been corrected against reliable standards. 
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Di-n-octylacetamide 

A mixture of 1.94 gm. of di-n-octylamine (0.008 mole) and 1.02 gm. of 
acetic anhydride (0.01 mole) was refluxed for four hours and then distilled 
at 11mm. After the acetic acid was removed, the temperature rose rapidly 
to 195° C. and the remainder distilled from 195° to 200° C. Weight, 2.18 gm. 
(96% of theoretical). This was redistilled and a fraction collected at 198° 
to 200°C. for analysis and physical properties. mf 1.4528; di° 0.8596; 
MR 89.3 (calc. 89.1). It did not solidify when chilled in dry ice. Cale. 
for CisH3;NO: C, 76.3; H, 13.2; N, 4.95%. Found: C, 75.6; H, 13.2; 
N, 5.07%. 


Di-n-octylnitrosamine 


Since di-n-octylamine hydrochloride was insoluble in water, the nitrosamine 
was prepared in acetic acid. To a solution of 1.94 gm. of di-u-octylamine 
(0.008 mole) in 6.00 cc. of acetic acid (0.098 mole) was added 2.04 gm. of 
potassium nitrite (0.024 mole) in 1 cc. of water. The clear yellow solution 
was stirred for 15 min. at 25°C. and then poured into 10 cc. of water. A 
yellow oil separated at the top. This was dissolved in ether, separated, 
washed with 5% sodium carbonate and then with water, dried over sodium 
sulphate, and distilled at 13 mm. It boiled at 200° to 205° C., giving 1.45 
gm. of pale yellow distillate (67% of theoretical). This was redistilled, and 
the fraction boiling at 202° to 203°C. was collected for analysis and the 
determination of physical properties. mje 1.4538; di° 0.8680; MRP 84.3 
(calc. 84.1). Freezing point,5.5°C. Calc. for CisHssN2O: C, 71.0; H, 12.7; 
N, 10.4%. Found: C, 71.2;H, 12.4; N, 10.6%. 

Di-n-octylcyanamide 

To 6.87 gm. (0.025 mole) of dioctylchloramine in 200 cc. of ethanol was 
added 3.25 gm. (0.05 mole) of potassium cyanide. After stirring for one 
day the mixture was evaporated to dryness im vacuo and eluted with ether to 
leave salts which contained all the chlorine originally introduced. The ether 
solution, evaporated, was distilled to remove 2.14 gm. of dioctylamine and 
then the product boiling at 150° to 154°C. (0.4 mm.). Redistillation at 
162°C. (0.5 mm.) yielded 3.7 gm. (55% of theoretical). jy 1.4507; np 
1.453; ny 1.4568. Calc. for CuHasNe: C, 76.7; H, 12.8; N, 10.5%. 
Found: C, 76.2; H, 12.9; N, 10.2%. Nitration of this product in nitric 
acid at —20°C. gave much gas, largely carbon dioxide and nitrous oxide. 
No product could be identified except dioctylamine (25 mole %) and an oil 
(5 wt. %) which gave a positive Franchimont test. 


Dioctyl-p-toluenesulphonamide 


In a 500 cc. three-necked pot was placed a 12% solution of potassium 
hydroxide (22.4 gm. of potassium hydroxide (0.4 mole) in 190 cc. of water), 
and a solution of 24.1 gm. (30.3 cc.) of di-m-octylamine (0.1 mole) in 25 cc. 
of ether. To this was added 26.6 gm. (0.14 mole) of p-toluenesulphonyl 
chloride over a five minute period; the temperature rose from 23° to 28° C. 
The mixture was stirred for four hours at room temperature and then the 
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ether layer was separated, washed with 25 cc. of 10% hydrochloric acid, 
25 cc. of 10% sodium hydroxide, 25 cc. of water; then dried over sodium 
sulphate. The ether was flashed off and the residue was distilled at 11 mm." 
giving a fraction of 24.3 gm. (63% of theory) boiling at 265° to 269°C. 
Calc. for C2:3HsaNSO:: C, 69.9; H, 10.22; N, 3.55%. Found: C, 69.5; 
H, 9.97; N, 3.75%. 

This compound could not be hydrolyzed by boiling 30% aqueous sodium 
hydroxide or by boiling 40% aqueous sulphuric acid. When it was treated 
with 99% nitric acid the resulting oil contained sulphur and gave positive 
Liebermann and Franchimont tests. This oil decomposed on attempted 
distillation at 120° C. (13 mm.). 


Di-n-octylchloramine 
A. From Di-n-octylamine 


A solution of 19.3 gm. (24.2 cc.) of di-n-octylamine (0.08 mole) in 50 cc. of 
ether was placed in a 200 cc. three-necked pot. To this solution was added 
85.6 cc. of 1.12 M sodium hypochlorite (0.096 mole) containing 0.123 mole 
of sodium hydroxide, and 85.6 cc. of 1.5 M hydrochloric acid (0.128 mole). 
The addition required 30 min. and the temperature was maintained at 25° C. 
Some precipitation of amine hydrochloride occurred, although a lead was 
maintained with the alkaline solution. The mixture was stirred for another 
20 min. and the solid all went into solution. The product formed a clear 
yellow layer at the top. It was separated using more ether, washed with water, 
and dried with sodium sulphate. The ether was removed in vacuo leaving 
21.1 gm. of pale yellow liquid (96% of theory), m.p. —8° to —7°C. Solid 
precipitated from this product when it was stored at 0° C. This solid was 
shown to be di-n-octylamine hydrochloride by liberation of the amine with 
alkali and conversion to the picrolonate salt. 


B. From Di-n-octylamine Hydrochloride (Preferred Method ) 

A solution containing 86.6 cc. of 1.15 M sodium hypochlorite (0.100 mole) 
was added over a one hour period to a solution of 27.7 gm. of di-n-octylamine 
hydrochloride (0.100 mole) in 200 cc. of ethanol. The temperature during the 
addition was 10° to 15°C. At the same time 6.4 cc. of 12% hydrochloric acid 
was added to maintain the pH at 5.0 to5.6. The solution became cloudy and 
two layers separated on standing at 0° C. The top oily layer was separated, 
taken up in 100 cc. of 60° to 70° C. ligroin, and dried with sodium sulphate. 
This yielded 25.9 gm. of product melting at —7.4° C. (94% of theory). 

A portion of the crude chloramine (8.44 gm.) was distilled in a molecular 
pot still with the bath temperature at 90° to 105° C. (0.0004 mm.). The frac- 
tion which was collected below 100°C. melted at —6.6° to —5.8°C.; this was 
used for analysis. The fraction collected above 100°C. melted at —7.5° to 
—6.8°C. The residue in the pot was solid and had turned brown. Calc. 
for CisHssNCl: N, 5.08; Cl, 12.9%. Found: N, 5.00; Cl, 12.7%. 

Other constants were found to be: 26 1.4508; d3° 0.8798; MR?$ 84.4 
(calc. 84.7). 
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Di-n-octylnitramine 

A. From Di-n-octylammonium Chloride 

In a 2 liter, three-necked flask equipped with stirrer, 254.6 gm. (169 cc.) 
of 99% nitric acid (4.00 moles) was mixed with 510 gm. (472 cc.) of acetic 
anhydride (5.00 moles) at 5° to 10°C. To this mixture 277.8 gm. of di-n- 
octylamine hydrochloride (1.00 mole) was added over a 30 min. period at 22° 
to 25°C. The solution became deep red and some nitrous fumes were given 
off. There was little heat effect and the salt dissolved readily. The fumes 
were collected in a dry-ice trap. They showed no trace of active chlorine. 

The solution was stirred for 17 hr. at 25°C. and four hours at 40° to 42°C. 
There was still active catalyst present at the end of this time according to the 
test with potassium iodide after an aliquot was dissolved in a large excess of 
iced sulphamic acid. The mixture was cooled to 10°C. and the excess of 
acetic anhydride was hydrolyzed by addition of 72 cc. water (4 moles). This 
caused the mixture to become green. The acetic acid was removed at 40° C. 
(13 mm.). <A dry-ice trap connected into this vacuum line collected greenish- 
blue condensate which, however, contained no electropositive chlorine. 

The residue was drowned in 200 cc. of ice water. The semisolid oil which 
separated was taken up in ether, washed with 5% aqueous sodium carbonate, 
then with water, and dried with sodium sulphate. On attempted distillation, 
this material ‘bumped’ so violently that a clear distillate could not be obtained. 
It was found necessary to boil the liquid for 16 hr. (eight was not sufficient) at 
205°°to 210° C. (13 mm.) before it was stabilized... It was then cooled and 
stirred with 5% sodium carbonate to convert the dioctylammonium chloride 
(which had formed during the stabilization process) to the free amine. After 
subsequent drying with sodium sulphate the liquor was fractionally distilled 
without difficulty under 13 mm. The first fraction, boiling below 195°C., 
weighed 56 gm. It was dissolved in ether and treated with hydrogen 
chloride to yield 12% of the amine hydrochloride originally used in the 
reaction. The second fraction weighed 33 gm. and boiled at 195° to 210° C. 
and is believed on the basis of this boiling point to be chiefly dioctylnitrosamine. 
When it was hydrolyzed in 70% sulphuric acid, diluted, and then distilled, a 
negative test for acetic acid was obtained with lanthanum nitrate. It evidently 
contained no acetamide. 

The third fraction weighed 47 gm. and boiled at 215° to 216°C. This 
impure dioctylnitramine, m.p. 13° to 14° C., constitutes a 16.5% yield, but 
it contained chlorine. It was crystallized in 25% recovery by solution in 
235 cc. absolute ether, which was then chilled and filtered at —70° C. Further 
identical crystallization did not raise this melting point above the melting 
point first obtained: m.p. 19.7°C., np 1.4597; d} 0.9093; MR 86.2 
(calc. 86.1). Calc. for CigH3sNoO2 : C, 67.1; H, 12.0; N, 9.78%. Found: 
C, 68.1; H, 12.0; N, 9.78%. 

Although this compound seemed reasonably pure, it still contained a trace 
of chlorinated compound. A typical removal of such impurity involved 
6.8 gm. of nitramine melting at 15.0°C. which was recovered from the 
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crystallization to give 19.7°C. fraction. This was refluxed for 35 min. with 
30 gm. of 70% nitric acid. The acid layer was separated and the nonaqueous 
layer, diluted with ether, was washed with water and then with alkali. After 
drying with magnesium sulphate the solution was distilled, finally at 0.1 mm., 
to give a first fraction boiling up to 155° C. and melting at 15.5° C., a second 
fraction boiling at 155° to 160°C. and melting at 17.0°C., while a third fraction 
boiled at 160° to 165° C. and melted at 18.1°C. These three fractions were 
approximately equal in weight. All these fractions as well as the undistilled 
residue were halogen-free, although the original material gave a moderate 
Beilstein wire indication. 

When this nitration of di-n-octylammonium chloride was repeated identically, 
except that the reaction mixture was aged at 25°C. for seven days, the results 
were much more satisfactory. After two days an aliquot gave a strong test 
for hypochlorous acid, although the test was quite weak after seven days. 
When the reaction mixture was evaporated under vacuum as before, the con- 
densate in the dry-ice trap gave a weak test for electropositive chlorine. 


The dried ether solution of the semisolid oil yielded no precipitate when 
treated with hydrogen chloride, thus showing the absence of any unchanged 
amine. After evaporation of the water-washed ether solution (dried with 
sodium sulphate) the residue (weight 25.5 gm., m.p. about 10°C.) was 
distilled to collect the fraction boiling at 222° to 235°C. (16 mm.). This 
crude material weighed 229 gm. (80% of theoretical) and melted at 14° to 
15°C. No decomposition occurred during this distillation. 


Ninety-five per cent of the amine as its nitrate salt was recovered when 
this nitration of di-m-octylammonium chloride was carried out between 0° 
and 12° C. over 16 hr. 


B. From Di-n-octylchloramine 


In this nitration the components were mixed at —75°C. First 1.68 cc. 
of 99% nitric acid (0.04 mole) was added to 4.73 cc. of 95% acetic anhydride 
(0.05 mole) and then 2.75 gm. (3.13 cc.) of di-n-octylchloramine (0.01 mole) 
was added to this mixture. The chloramine solidified at this temperature. 
The mixture was warmed cautiously (below 0° C.) until the chloramine was 
all in solution. It turned from colorless to pale yellow. Finally the flask 
was put in an ice-water bath and allowed to warm to room temperature. 
After seven days at room temperature the mixture still contained electro- 
positive chlorine salt (sulphamic acid — potassium iodide test). The excess 
anhydride was hydrolyzed and the reaction mixture poured into 56 cc. of 
10% sodium hydroxide (0.14 mole) containing ice. The oil was extracted 
with ether (4 X 10 cc.). The ether extract was washed twice with 8 cc. of 
water until neutral to phenolphthalein, and dried with magnesium sulphate. 
The ether was removed and the oil distilled, without any decomposition, to 
yield a fraction boiling at 173° to 180° C. (0.01 mm.) and weighing 1.39 gm. 
(m.p. 10° to 14° C.) or 49% of theoretical on the basis of this crude product. 
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An alternative nitration of the chloramine involved the addition of 319 ml. 
(7.4 moles) of 97% nitric acid to 975 ml. (9.8 moles) of 95% acetic anhydride 
at —9°C., followed by addition of 513 gm. (1.86 moles) of crude di-n-octyl- 
chloramine at —5° C. over three hours. The temperature was then raised 
to 23° C. and maintained there for 50 hr., when the chlorine test was found 
very weakly positive. The reaction mixture was hydrolyzed with a solution 
from 1100 gm. of sodium hydroxide and 7 kilos of ice. The resulting yellow 
oil (384 gm.) was taken up in ether. This solution, after drying with calcium 
chloride, was treated with gaseous hydrogen chloride until chlorine was no 
longer evolved, then washed with alkali and again dried. The distillation 
was difficult, but not impossible, and a fraction was obtained boiling at 
193° to 200° C. (0.06 mm.) weighing 146 gm. This melted below 0° C. and 
contained much halogen. It was boiled for 150 min. with 400 cc. of 70% 
nitric acid. This mixture was diluted, and the oil which separated was washed 
with alkali and then with water. It weighed 60 gm. This was distilled at 
0.02 mm. to yield 10.6 gm., boiling from 173° to 178° C., m.p. 16° to 19° C., 
or 2% of theoretical. 


n-Octyl-di-p-bromobenzenesul phonimide 

A suspension of 0.002 mole (0.51 gm.) of p-bromobenzenesulphony] 
chloride in 0.004 mole (3.2 cc.) of 10% aqueous sodium hydroxide at 0° C. 
was shaken with 0.1 gm. of the mixture suspected to contain m-octylamine. 
After eight hours the nonaqueous phase was taken up in ether, and the latter 
evaporated to leave a semisolid (usually 0.03 to 0.05 gm.) which was crystal- 
lized from ethanol to melt at 81.5° C. Calc. for CooHasNS,O.Bre : C, 42.5; 
H, 4.45; N, 2.48%. Found: C, 42.4; H, 4.55; N, 2.53%. 


Thermal Decomposition of Di-n-octylchloramine 

After 90 min. at 100° C., 9.37 gm. (0.034 mole) of di-m-octylchloramine no 
longer gave an electropositive chlorine test with starch-iodide solution. It 
was taken up in ether and filtered to remove 5.59 gm. of salt, principally 
dioctylamine hydrochloride as proved by conversion to the picrolonate. This 
salt represents 59.1% of that which could be produced on a 1 : 1 basis from 
the chloramine. The salt was treated with an excess of 10% aqueous sodium 
hydroxide. The oil was taken up in ether, dried with sodium, and distilled. 
The first part of the distillate, wt. 0.11 gm., b.p. 240° to 295° C., was con- 
taminated with chlorine, but was chiefly dioctylamine. The second fraction, 
b.p. 295° to 296° C. (750 mm.), wt. 3.56 gm., was entirely dioctylamine, 80% 
of theoretical. The final part of this fraction was chlorine-free. 

The ether solution, evaporated, was distilled. The unstable aldehydic 
fraction (0.1 gm.) boiling below 120° C. (0.01 mm.) gave a noncrystallizable 
2,4-dinitrophenylhydrazone. The second fraction, 0.86 gm., mp 1.4581, 
boiling at 120° to 155° C. (0.003 mm.) was a mixture of aldehydic material 
with n-octylamine or was the corresponding nonisolable aldimine. The fraction 
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was unstable, and continually precipitated a hydrochloride. The -octylamine 
portion was identified by treating the fraction with p-bromobenzenesulphony] 
chloride to form 0.39 gm. of di-p-bromobenzenesulphonyl-n-octylamine. This 
represents at least 0.09 gm. of m-octylamine. 

The yield of hydrochloride salt was lower (49.6%) when the decomposition 
of the chloramine was carried out in boiling 90° to 100° C. petroleum ether 
over a four day period. The other products were not examined. 


Acetyl Chloride with Dioctylchloramine 


Di-n-octylchloramine (2.75 gm., 0.01 mole) was mixed with 3.92 gm. of 
acetyl chloride (0.05 mole) at 0° C. and allowed to warm slowly. The reaction 
becomes very vigorous if the mixture warms too rapidly. A white solid 
precipitated as the reaction proceeded. The mixture was allowed to stand 
overnight and then was filtered and the precipitate washed with dry ether. 
Weight 1.00 gm. (37% of theoretical). It was identified as di-n-octyl- 
ammonium chloride by neutralization with alkali and conversion to di-n-octyl- 
ammonium picrolonate. 


Acetic Anhydride with Dioctylchloramine 


A mixture of 6.87 gm. (0.025 mole) of dioctylchloramine and 6.12 gm. 
(0.06 mole) of 95% acetic anhydride was shaken for six days and then poured 
into 50 cc. of ‘mixed pentanes’. The precipitate of dioctylammonium chloride 
(identified as the picrolonate) weighed 2.51 gm. and thus represents 36% of 
the chloramine originally introduced. The filtrate was washed with water 
and dried with magnesium sulphate. Distillation yielded first 0.45 gm. of 
a thermally unstable aldehydic fraction boiling at 45° to 47° C. (0.01 mm.); 
n> 1.4471. Although no solid derivative could be obtained, this aldehydic 
material with phenylhydrazine behaved in a highly characteristic manner. 
Its ethanolic solution became first blood-red, then turned yellow after 10 min. | 
when phenylhydrazine hydrochloride was precipitated. A second fraction 
weighed 2.11 gm. and its boiling point, 108° to 145° C. (0.002 mm:), indicated 
it was not pure. By freezing it in methanol solution, one gram of a solid 
was isolated, m.p. 55° to 55.5° C., the melting point of which was not depressed 
by admixture with N-n-octyl-caprylamide. Although the remainder of the 
material contained much halogen its distillation behavior (b.p. 135° C. 
(0.002 mm.)), its refractive index, (nv 1.4539), and positive identification of 
acetic acid (lanthanum nitrate) after sulphuric acid hydrolysis would indicate 
that it was dioctylacetamide. 

N-n-octyl Capramide 

This compound was prepared in quantitative yield from 0.002 mole of 
caproyl chloride and 0.004 mole of m-octylamine in 5 cc. of ether. Its crude 
melting point of 54.5° to 55.5° C. was raised to 55° to 55.5° C. by crystal- 
lization from 2 : 1 methanol—water at 0° C. Calc. for CisH33NO: C, 75.1; 
H, 13.1; N, 5.49%. Found: C, 75.4; H, 13.1; N, 5.41%. 








282 CANADIAN JOURNAL OF RESEARCH. VOL. 26, SEC. B. 


Nitration of this compound with 10 equivalents of absolute nitric acid and 
14 equivalents of acetic anhydride gave n-octanol, n-octylamine, and some 
caprylic acid, but no trace of nitramine. 


Di-n-octylchloramine with Hydrogen Chloride 

A. With Excess Chloramine 

A solution of 0.84 gm. (0.00308 mole) of di-m-octylchloramine in 20 cc. dry 
ether was chilled to 0° C. while dry hydrogen chloride was bubbled in. The 
white precipitate (which dissolved in excess hydrogen chloride) could be 
recovered by aeration. When ether-washed it weighed 7.45 gm. and was 
demonstrated to be an 87% yield of dioctylammonium chloride by conversion 
to the picrolonate salt. The effluent gas from this reaction was passed through 
5% potassium iodide containing a trace of ferrous sulphate. lIodometric 
titration showed that 0.00310 mole of chlorine had been evolved, or 50% 
expected on the basis of one molecule of chlorine per molecule of chloramine. 


B. With Excess Hydrogen Chloride 

When the same amount of dioctylchloramine was added to 75 cc. of ether 
saturated at 0° C. with hydrogen chloride, an 88% yield of dioctylammonium 
chloride was obtained and identified as the amine, mp, 1.4410. lodometric 
titration indicated 80% of the expected amount of chlorine. 

By contrast a repetition in methanol instead of ether gave only one-tenth 
as much chlorine, and only 50% of the expected amount of dioctylammonium 
chloride. 


N-Butyl Butyramide 

Addition of 15.8 gm. (0.1 mole) of butyric anhydride to 14.6 gm. (0.2 mole) 
of butylamine was maintained at such a rate that the reaction was complete 
in 45 min. The water-drowned reaction mixture, to which ether was added, 
was washed with dilute acid and then with dilute alkali. After drying with 
magnesium sulphate the ether solution was distilled, finally under 13 mm., to 
yield 9.7 gm.; b.p. 135.5° C. (13 mm.) (68% of theory); nH 1.4412; m.p. —7° 
to —6°C. The compound was soluble in concentrated 12% and 9% hydro- 
chloric acid but was incompletely dissolved by the 5% reagent. Calc. for 
CsHi;NO: C, 67.1; H, 12.0; N, 9.8%. Found: C, 66.8; H, 11.7; N, 10.2%. 

When 0.01 mole of butyl butyramide was treated with 0.05 mole of absolute 
nitric acid in 0.15 mole of acetic anhydride at 5°C. no solid precipitate 
resulted after drowning in ice. Distillation of the ether extract (washed with 
sodium bicarbonate solution and dried with magnesium sulphate) gave a 
quantitative recovery of butyric acid, b.p. 158°C. Identical results were 
obtained when red fuming nitric acid was used instead of the colorless acid. 
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CATALYZED NITRATION OF AMINES 


VII. A NEW METHOD FOR PREPARATION OF PRIMARY 
NITRAMINES'! 


By G. N. R. SMART? AND GEORGE F WRIGHT 


Abstract 
( 


A method has been devised for conversion of alkyldichloramines to the corre- 
sponding nitramines. Six examples have been described. The reaction seems 
to proceed via the chloronitramine. This compound may be converted to the 
nitramine by hydrolysis with evolution of hypochlorous acid. An _ intra- 
molecular fission of hydrogen chloride seems in one case to yield, alternatively, 
the nitrimine. The structures of diisopropylnitramine and di-n-octylnitramine 
have been confirmed by synthesis from the primary nitramines. 


It was observed early in the studies on chloride-catalyzed nitration of 
secondary amines (5) that methylamine could be nitrated in a similar manner 
to give a low yield of methylnitramine. Further study at that time was 
discouraged by the observation that monobutylamine when treated with 
nitric acid, acetic anhydride, and a catalytic amount of zinc chloride, gave only 
butyl acetate and butyl nitrate. When it was discovered subsequently that 
the catalyzed nitration (8) of secondary amines proceeded via the correspond- 
ing dialkylchloramines, the successful nitration of the latter suggested to us 
that monoalkylchloramines might be nitrated in the same way. 


In view of the earlier work it did not seem possible that a nitration of 
primary chloramines could be extended into a catalyzed nitration, because of 
the extreme sensitiveness of primary amines toward nitrous acid or its anhyd- 
rides (N20; , N2O;, NOCI, etc.). Indeed the esters produced from mono- 
butylamine indicated that, in the catalyst equilibrium system I, the nitrous 


Acs:O 
L HCl + HNO; ~==> HOC! + HNO, 


acid was able to react with the primary amine more rapidly than was the 
hypochlorous acid (both, of course, as mixed anhydrides), and that butyl 
alcohol was formed according to II. 


II. C,H»NH: + HNO, — > C,H,OH + N: + H20 


A consideration of the properties of the nitration system indicated that 
methylchloramine could neither have been an intermediate in the nitration of 
methylamine nor a reagent which would nitrate in acetic anhydride and nitric 
acid. Alkylchloramines are much too unstable in acidic media to survive 


1 Manuscript received July 2, 1947. 
Contribution from the Chemical Laboratory, University of Toronto, Toronto, Ont. 
2 Post-Doctorate Research Fellow on a Grant-in-Aid from Associate Committee on Explosives, 
National Research Council of Canada, 1945-1946. 
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SMART AND WRIGHT: CATALYZED NITRATION OF AMINES. VII. 285 


such treatment, and would actually decompose to the corresponding alkyl- 
dichloramines according to Equation III (6, p. 570). 

2 HOC! H* 
III. 2 R—NH;,; ————— 2 RNHCl ————>> R—NCk, + RNH2 


Thus only the alkyldichloramines would be sufficiently stable in acid solution. 
Since a convenient method for preparation of alkyldichloramines was at 
hand (7), the nitration of this type was examined and found to be successful. 

The first selection was N-tetrachloro-1,2-diaminoethane, I, since the explo- 
sive, ethylene dinitramine, 1V, which it ought to yield was well known. 
Reaction of the tetrachloramine with nitric acid and acetic anhydride did not 
at first yield the known explosive. Instead a much more sensitive and violent 
explosive was obtained which seemed, on the basis of analysis, to be N,N’- 
dichloro-N,N’-dinitro-1,2-diaminoethane, III. This was confirmed by its 
conversion in good yield to ethylenedinitramine when it was treated with a 
reducing agent such as sodium bisulphite. The course of the over-all reaction 
may be written as follows: 














: Cl: :0 a : Cl : 
CH.—N:N:0O CH-—-N:N:0 
s€iz2 0: : O : 
—_—_——> + 2:€1°:03:.8 
I :Cl::0: Ill :0: 
CH:—N:N:0O: CH.-N:N:0: 
20 3: i & ps 
L a 
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~ 
2 | HNO; » 
CH:—NCl, 2NaH | SO; HOH 
2|H:O \ 
CH:.—NCl, a 
I CH:—N—NO, IV 
a 
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H 2CIOH 
IV 
+ 2HCIl 


o 2NaHSO, 
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This formulation is analogous with that suggested for the nitration of 
secondary amines (8). It assumes that an N—WN co-ordinated compound, 
II, is formed between nitric acid and the dichloramine. This compound, 
which might be considered as a salt of a weak electron donor, loses hypo- 
chlorous acid spontaneously to give III. If this concept is correct, then III 
is evidently too weak an electron donor to form a salt at all; at least no trace 
of a tetranitramine has been discovered in this instance. 





The dichlorodinitrodiaminoethane therefore survives in the anhydrous 
reaction mixture, and this is fortunate, because a primary nitramine, if it had 
been formed at this point by hydrolysis, would have been decomposed by any 
excess of nitric acid which was present. Although the function of the acetic 
anhydride used in this nitration is not represented in the above formulation, 
its presence is undoubtedly important in maintaining the necessary anhydrous 
state. We have, indeed, carried out the reaction without it, using a large 
excess of nitric acid, but the reaction mixture is very liable to spontaneous 
decomposition. 


Compound III was transformed when the reaction mixture was hydrolyzed 
in water, and hypochlorous acid was formed as well as the nitramine. This 
decomposition seemed to be a reversible reaction. Although a reducing agent 
had already been found to be efficient in removal of hypochlorous acid during 
the reaction III —~> IV, its use seemed inconvenient in the strongly acid 
diluate. Alternatively we tried to remove the hypochlorous acid as its 
sodium salt by dilution into alkali. The yields tended to be low when this 
expedient was followed. Indeed no ethylenedinitramine at all could be 
obtained when pure III was added to 10% alkali. The explanation for this 
behavior became apparent during the nitration of sec-butyldichloramine. 


The nitration of sec-butyldichloramine proceeds smoothly in slightly more 
than equivalent amounts of acetic anhydride and nitric acid. Although the 
intermediate, sec-butyl-N-chloronitramine, V, was undoubtedly present, it 
could not be isolated during distillations of the reaction mixture because of 
decomposition. The yield of sec-butylnitramine was about 65% when the 


CH; CH; CH; 

NaOH | H.,0 | 
re me C.H;—C=N—NO, ae N.O ak C.H;—C=O 

| H* 

H Cl 

Vv VI 


reaction mixture was hydrolyzed in aqueous sodium thiosulphate, but when it 
was hydrolyzed in aqueous alkali the yield was about 10% lower. The aqueous 
liquors in this latter instance contained butanone-2, isolated as its dinitro- 
phenylhydrazone. In addition a small amount of alkali-insoluble material 
(which therefore could not have been sec-butylnitramine) was isolated. This 
gave a correct analysis corresponding to sec-butylnitrimine, VI. Furthermore 
it decomposed readily in acidic media, and, if dinitrophenylhydrazine was 
present, the dinitrophenylhydrazone of butanone-2 was formed. These 
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properties are characteristic of nitrimines (9), It would therefore appear 
that, in alkaline medium, hydrogen chloride can, to some extent, split out 
intramolecularly, while in a neutral reducing medium an intermolecular 
exchange with water splits out hypochlorous acid. 

During the similar nitration of m-butyldichloramine, we made several 
attempts to isolate the intermediate N-chloro-n-butylnitramine, but each 
distillation after normal nitration resulted in violent decomposition or ex- 
plosion. Finally a reaction product was successfully distilled by the expedient 
of using an insufficient amount -of nitric acid in the nitration. While the 
boiling point indicated that this distillate contained the intermediate, n-butyl- 
chloronitramine, it was too impure for reliable characterization. The usual 
preparation of n-butylnitramine employed 2 to 3 equivalents of nitric acid 
and 5 to 10 equivalents of acetic anhydride per mole of amine. Lesser excesses 
seemed to lower the yield below the optimum 65% obtained with the high 
ratios. These reaction mixtures were hydrolyzed with cold alkali, and when 
acidified with acetic acid they gave pure nitramine which distilled without 
difficulty. 

- While the nitramine obtained in this way was pure, it was difficult to separate 
it completely from the aqueous solution by acidification with the relatively 
weak acetic acid. On the other hand acidification with sulphuric acid gave 
a product which distilled with great difficulty, and the distillates contained 
electropositive chlorine. It would appear again that the decomposition of — 
N-chloro-n-butylnitramine to m-butylnitramine is a reversible reaction. 
Indeed this reversibility might have been expected since it is known (1) that 
aromatic nitramines can be chlorinated with hypochlorous acid. In the 
present instance, the hypochlorous acid freed from its salt to a greater extent 
by sulphuric than by acetic acid tends to recombine with the nitramine. 


C,H»NNO.H + HOC] ————> C,H»NNO.Cl + H2O 


Neither strong nor weak acids are thus satisfactory for acidification of the ° 
alkaline hydrolysate. Under these circumstances it would seem advisable to 
reduce the hypochlorous acid to electronegative chlorine, and thus to avoid 
its recombination with the nitramine during acidification. However, the use 
of strong mineral acids must under any circumstances be avoided in mani- 
pulating primary nitramines. Thus »-butylnitramine decomposes slowly at 
10° C. and rapidly at 30°C. in 5% nitric acid, and fumes off instantly in 99% 
nitric acid at 0° C. 


The preference for decomposition of the intermediate chloronitramine by 
reducing agents was again demonstrated during the nitration of cyclohexyl- 
dichloramine in acetic anhydride. In this case the chloronitramine was 
reasonably stable in cold dilute alkali and could be separated from it in a crude 
form by quick extraction. Subsequent treatment with sodium thiosulphate 
gave at least a 53% yield of distilled cyclohexylnitramine.* 

* Mr. R. J. J. Simkins in this laboratory has since found that, when the reaction mixture is 


drowned in an excess of aqueous sodium sulphite, an 81% yield of cyclohexylnitramine, b.p. 
134° C. (6 mm.) can be isolated. 
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On the other hand, when the crude chloronitramine was allowed to react 
with the alkali and the solution was then acidified with acetic acid, a significant, 
but lower, yield of 40% nitramine was obtained. When sulphuric acid was 
used for this acidification, the decomposition during distillation was so exten- 
sive thaf none of the cyclohexylnitramine could be found. 


The method for synthesis of primary nitramines which has been outlined in 
this report has provided a convenient method for confirming the identity of 
new dialkylnitramines prepared by catalyzed nitration of secondary amines 
(5, 8, 4). Thus in the case of diisopropylnitramine the compound which was 
produced by nitration of diisopropylammonium chloride was not identical 
with the substance reported by Thomas (10) as the nitramine. Thomas 
obtained his compound by treatment of the silver salt of isopropylnitramine 
with isopropyl iodide. The discrepancy between his results and our own 
was easily solved since we had at hand a convenient source of the isopropyl- 
nitramine which he obtained by a more arduous method. Instead of the 
silver salt we used the potassium salt of the primary nitramine, VII, with 


CH, 
HsC NOs CH | HCC CH ° CH 
ails iii oo — a en 
H.C CH; H—C—CH, CH, CH; 
CH, 
VII VIII IX 


isopropyl iodide. This alteration gave us not only his compound but also 
the nitration product of diisopropylammonium chloride, VIII. Since his 
compound melted and boiled lower than ours, we have designated Thomas’ 
compound as the isonitramine, IX, by analogy with the pair of compounds 
obtained in this way with the n-butyl homologue (11). It should be recog- 
nized, in this connection, that the structure shown for the isonitramine has 
never been proven rigorously. The nitration of both diisopropylammonium 
chloride and diisopropylchloramine designates VIII as the true nitramine. 


The nitration of isopropyldichloramine proceeded smoothly in acetic 
anhydride to give a 53% yield of isopropylnitramine which undoubtedly could 
be augmented by use of a reducing rather than alkaline hydrolytic medium. 
In marked contrast to this successful nitration was one attempted in acetic 
acid instead of the anhydride. In this case the isopropyldichloramine was 
recovered unchanged although ample nitric acid had been added to effect 
the reaction. 


The length of hydrocarbon chain in an alkyldichloramine seems to have 
little effect on its ease of nitration. A good yield of n-octylnitramine was 
obtained from octyldichloramine. The new reaction was again correlated 
with the nitration of dialkylamines by conversion of this octylnitramine to 
dioctylnitramine (2) via the potassium salt and m-octyl iodide. 
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symm-N-Dichloro-N-dinitro-1,2-diaminoethane 

A 5% lead of 59.4 gm. (0.3 mole) of N-tetrachloro-1,2-diaminoethane (7, 3) 
was maintained over otherwise equivalent addition of 27.6 ml. (0.65 mole) 
of 99% nitric acid. The two reagents were added to 114 ml. (1.20 moles) 
of stirred acetic anhydride over 30 min. at 35°C. Chlorine was evolved 
during the addition. Ten minutes after addition was complete the reaction 
mixture was distilled under 15 mm. to leave 54 gm. of residue with density about 
1.5. Jodometric titration (7) indicated 0.0081 gram atoms of electropositive 
chlorine per gram. If this chlorine represented the content of dichlorodinitro- 
diaminoethane (positive chlorine 0.0092 gram atoms per gram) the yield 
would have been 72% of theoretical. The oily residue was chilled at —75°C. 
to yield, after filtration and acetic anhydride wash, a crystal crop (2.5 gm.) 
which represented 5% of the calculated yield of dichlorodinitrodiaminoethane. 
This was obviously only a small amount of the material which was present. 


The crystal crop melted at 38° to 42° C. and contained 0.0092 gram atoms 
of -electropositive chlorine per gram. It was crystallized twice from cold 
absolute ethanol to melt at 41° to 41.4°C. Cale. for CsHyN.Cl.O.: C, 
10.95; H, 1.83; N, 25.6; Cl*+, 32.4%. Found: C, 10.96; H, 1.94; N, 25.4; 
Clt, 32.6%. 

This compound detonated violently when heated to 100°C. When it was 
added to 10% sodium hydroxide it decomposed with gas formation, and 
acidification yielded no ethylenedinitramine from this’ solution. On the 
other hand, when 35 mgm. of dichlorodinitrodiaminoethane (16 X 10-* mole) 
was added to 2 ml. saturated sodium bisulphite solution a negative starch- 
iodide test was obtained after five minutes. The solution was acidified with 
hydrochloric acid, evaporated to dryness and extracted with acetone. Evap- 
oration of this acetone left 15 mgm. (59% of theoretical) of ethylene- 
dinitramine, m.p. 174° to 175° C. . 

A repetition of the nitration procedure was carried out with the variation 
that the undistilled reaction mixture was cooled to 5° C. and diluted into a 
mixture of 400 gm. of 50% aqueous alkali and 800 gm. of ice. This caused 
much gas evolution. The iced solution was acidified with 50% sulphuric acid 
and was continuously extracted with ether to yield 7.5 gm. (17% of theoretical) 
of ethylenedinitramine, m.p. 176° to 177°C. A mixed melting point with 
the authentic material was not depressed. 

An identical yield of good ethylenedinitramine was obtained when 0.05 
mole of N-tetrachlorodiaminoethane was added in 20 portions to 1 mole of 
99% nitric acid at —40°C. and the solution was allowed to warm to 0° C. 
after each addition. The reaction mixture was subsequently processed 
according to the description above. 


* All melting points have been corrected against reliable standards. 
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sec-Butylnitramine 

Acetic anhydride (81.5 cc., 0.80 mole) was stirred and maintained at 5° to 
10° C. while 77 gm. (0.542 mole) of sec-butyldichloramine (7) and 24.4 ml. 
(0.565 mole) of 99% nitric acid were added simultaneously during one hour 
with the dichloramine leading by about 5%. The reaction mixture was 
subsequently heated to 17° C. for 10 min. and then held at 0° C. for 10 hr. 
until it was poured slowly into a solution containing 67.5 gm. (0.28 mole) 
of sodium thiosulphate pentahydrate and ice. The 1200 cc. volume was 
treated with 300 gm. of salt and then extracted with three 75 cc. portions of 
ether. The ether solution was washed with 1% sodium bicarbonate in satur- 
ated aqueous sodium chloride and then with 90 cc. of 10% sodium hydroxide 
in the presence of ice. This left only 0.5 gm. of alkali insoluble oil (b.p. 60° 
to 90°C. (14 mm.) ) in the ether. The aqueous phase was acidified in the cold 
with 12% hydrochloric acid and was extracted with ether to remove 43 gm. 
of crude nitramine. On distillation at 105° to 105.5° C. (14 mm.) this yielded 
41.8 gm., nj 1.4572, of pure sec-butylnitramine or 65.5% of the theoretical 
amount. This material (b.p. 106.2° to 106.7°C. (15 mm.) ) has a slightly 
higher melting point (—32.5° to —31.5°C.) than that reported previously (11). 


A second experiment was carried out identically except that it was diluted 
into a solution of 240 gm. (6 moles) of sodium hydroxide in water and ice. 
The resulting slurry was warmed to room temperature to dissolve the sodium 
acetate. The i900 cc. of solution was then extracted with three 50 cc. 
portions of ether. The ether solution, dried with magnesium sulphate, was 
distilled to yield 0.75 gm. boiling at 60°C. (0.7 mm.), 3? 1.4517. This 
distillate was insoluble in alkali, but it dissolved in acid with strong gas 
evolution. It formed the 2,4-dinitrophenylhydrazone of butanone-2, m.p. 
104° C., when dissolved in acidified aqueous alcoholic dinitrophenylhydrazine 
reagent. It solidified in the dry-ice bath and is believed to be sec-buty]l- 
nitrimine. Calc. for CsHsN2O.: C, 41.4; N, 24.1%. Found: C, 41.1; 
N, 23.8%. 

The original alkaline solution was acidified to pH 5 with 420 gm. of solid 
sulphamic acid, then with 50 cc. concentrated hydrochloric acid, and was 
extracted with four 50 cc. portions of ether. Evaporation of this ether yielded 
34 gm. of crude sec-butylnitramine. The acidified aqueous layer was then 
continuously extracted with ether to yield an oil from which about 2 ml. of 
distillate could be obtained boiling at 79° to 83°C. This was treated with 
twice its weight of 2,4-dinitrophenylhydrazine in acidified ethanol to give 
the impure 2,4-dinitrophenylhydrazone of butanone-2, m.p. 103°C. This was 
thrice crystallized from éthanol to melt at 111° to 112°C. Mixed melting 
points between this (and with the same derivative obtained earlier) and an 
authentic sample were not lowered. 

The yield of sec-butylnitramine could be lowered to about 35% either by 
increasing the nitric acid or the acetic anhydride to three times the quantities 
used in the experiments reported above. A moderate excess of acetic anhydride 
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did no harm, but any excess of nitric acid greater than 10% caused an unstable 
reaction mixture which tended to fume off. 


n-Butylnitramine 


To 470 cc. (5 moles) of stirred acetic anhydride at 15° C. were added simul- 
taneously and equivalently 129 ml. (3 moles) of 99% nitric acid and 143 gm. 
(1 mole) of undistilled n-butyldichloramine; the addition of the latter solution 
lagged 5% behind that of the former. During the addition the solution was 
allowed to reach 35° to 40° C. where it was maintained for the rest of the 40 
min. addition period and for 40 min. more. Chlorine was evolved during this 
addition. 

The reaction mixture was evaporated under reduced pressure to one-third 
of its volume and then was poured into 1100 cc. of cold water. This was 
stirred and cooled during neutralization with alkali until only a small amount 
of oil floated on the surface. This oil was removed by extraction with ether 
and discarded. The aqueous solution of sodium m-butylnitramine was then 
acidified with acetic acid. The liberated nitramine was taken up in ether and, 
after drying with calcium chloride was distilled at 123° to 125° C. (20 mm.) 
to yield 77 gm. or 65% of theoretical. The product melted at —1° to 0°C., 
nz 1.4603. A mixed melting point with authentic material was not lowered. 

When the nitration of m-butyldichloramine was attempted in 10 equivalents 
of nitric acid and without acetic anhydride, the reaction mixture survived at 
— 35° C. but decomposed explosively when it was warmed to —20° C. 


n-Octylnitramine 


During the simultaneous and equivalent addition of 59.5 gm. (0.3 mole) 
of n-octyldichloramine (7) and 26 gm. (0.4 mole) of 99% nitric acid to 38.1 ml. 
(0.40 mole) of stirred acetic anhydride at 35° C. over 40 min. the chloramine 
was allowed to lead the nitric acid by 5%. After 10 min. subsequent to addi- 
tion, the reaction mixture was distilled up to 40° C. (15 mm.). The residue 
contained 75% of the electropositive chlorine expected from octylchloro- 
nitramine. This residue was diluted with 5% alkali to give crude sodium 
octylnitramine in white flakes, m.p. about 100° C. This was collected, washed, 
and acidified with dilute acetic acid to yield 36 gm. of oil which was soluble in 
alkali. This crude yield (quantitative if all octylnitramine) was molecularly 
distilled at 100° C. (0.01 mm.) to give a water-white viscous oil, b.p. about 
140°C. (10 mm.). This was analyzed by conversion to its silver salt (prepared 
by precipitation from alcoholic ammonium octylnitramine with silver nitrate). 
Calc. for CsHi7N2O.Ag: N, 9.97%. Found: N, 10.15%. 
Di-n-octylnitramine 

A solution of 3.5 gm. (0.02 mole) of m-octylnitramine and 1.2 gm. (0.02 
mole) of potassium hydroxide in 50 cc. ethanol was boiled under reflux for one 
day with 4.8 gm. (0.02 mole) of m-octyl iodide. The solvent was removed 
under reduced pressure and the residue dissolved in ether. This solution was 
washed thrice with 5 cc. portions of N alkali, once with water, and dried 
over calcium chloride. Distillation at 0.02 mm. yielded a first fraction up to 











292 CANADIAN JOURNAL OF RESEARCH. VOL. 26, SEC. B. 


120° C. (octyl iodide and alcohol), a second fraction boiling from 120° to 160°C. 
(1.2 gm. 30% of theory of isonitramine), and 0.7 gm. boiling at 160° to 
165°C. This impure dioctylnitramine (12% of theoretical) melted at about 
5° C. and was crystallized twice at low temperature from ethanol to melt at 
18.5° to 19.2°C. A mixed melting point with material prepared by nitration 
of dioctylamine (2) was not lowered. 


Isopropylnitramine 

To 96 cc. (1.0 mole) of acetic anhydride cooled to —40° was added 20 gm. 
(0.4 mole) of 99% nitric acid. To this cooled solution was added over two 
minutes 12.8 gm. (0.1 mole) of isopropyldichloramine (7). This yellow-brown 
mixture was slowly warmed to 20° C. and maintained at that temperature for 
four hours. After 10 min. at 40° C. it was quickly poured into an excess of 
cold 5% aqueous sodium hydroxide. The residual oil which remained was 
removed by ether extraction and discarded. The alkaline solution was then 
acidified with acetic acid (pH 4.5) to liberate the crude isopropylnitramine 
which was taken up in ether. This was distilled, after drying with calcium 
chloride, to give 2.8 gm., b.p. below 40° C. (25 mm.), 2?3 1.3755, then 1.5 
gm., b.p. 40° to 70° C. (25 mm.), nm? 1. 3828, and, finally, 5.5 gm., b.p. 105° to 
107° C. (27 mm.), n?2? 1.4497. This last fraction represents a 53% yield. The 
nitramine, dissolved in dilute ammonia, was converted to its silver salt for 
analysis. Calc. for CsH;NeOe.Ag: Ag, 51.2%. Found: Ag, 51.2%. 

When 0.1 mole of isopropyldichloramine and 0.11 mole of 99% nitric acid 
were added equivalently to 15 cc. of absolute acetic acid at 35°C. over 40 
min., at least 85% of the dichloramine was recovered unchanged when the 
reaction mixture was poured into water. 

Diisopropylnitramine 

A solution of 2.5 gm. (0.024 mole) of isopropylnitramine and 1.4 gm. 
(0.025 mole) of potassium hydroxide in 25 cc. of ethanol was boiled one day 
under reflux with 5.4 gm. (0.035 mole) of isopropyl iodide. After vacuum 
evaporation of the solvent the residue was taken up in ether and washed with 
50 cc. of N alkali to remove unchanged isopropylnitramine. The ether 
solution was dried with calcium chloride and distilled finally at 10 mm. to 
yield 0.9 gm. b.p. 52° to 53°C. This is probably identical with the liquid 
previously reported as boiling at 55° to 57° C. (10 mm.) which was prepared 
from silver isopropylnitramine and isopropyl iodide. As such, the present 
yield is 26% of theoretical. 

The residue in the distillation flask, which solidified on cooling, weighed 0.5 
gm. This 14% yield was twice crystallized from ethanol to melt at 106.5° 
to 107.5°C. <A mixed melting point with diisopropylnitramine (prepared by 
nitration of diisopropylamine) was not lowered. 


Cyclohexylnitramine 

To 47.7 ml. (0.5 mole) of stirred acetic anhydride was added simultaneously 
and equivalently 56 gm. (0.33 mole) of cyclohexyldichloramine (5) and 15.4 
ml. (0.363 mole) of 99% nitric acid over 30 min. The reaction was held at 
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40° C. during addition and for 30 min. afterward. It was then diluted into 
a slight excess of ice and alkali. The oil which separated weighed 50 gm. and 
would thus have constituted an 85% yield if it had been cyclohexylchloro- 
nitramine. It was stirred with cold aqueous sodium thiosulphate solution 
until a negative test for hypochlorous acid was obtained. The oil was taken 
up in ether, dried with calcium chloride, and distilled to yield 25.5 gm., 
b.p. 120° to 121°C. (2 mm.) or 53% of theoretical. This was redistilled; 
b.p. 121° to 122°C. (3 mm.); m?3 1.501; d?° 0.946; m.p. 13.5° to 14.3°C. 
The compound was soluble in alkali and was regenerated upon acidification. 
The silver salt was prepared from ammoniacal solution. Calc. for CsHi2zN2Os : 
N, 19.43%. Found: N, 19.43%. Calc. for CsHuN2O2.Ag: N, 11.15. 
Found: N, 10.84%. 


An attempt to convert the potassium salt with cyclohexyl iodide to dicyclo- 
hexylnitramine resulted in failure. Much cyclohexylnitramine and potassium 
iodide were recovered. Cyclohexene probably was formed. 


Alternatively the reaction mixture from cyclohexyldichloramine, nitric 
acid, and acetic anhydride was poured into cold alkali and stirred until 
solution was almost complete. When it then was acidified with sulphuric 
acid, the resulting oil decomposed so badly during distillation that it all boiled 
below 90°C. (15 mm.) and no cyclohexylnitramine was obtained. When 
acidification -was effected with acetic acid instead of sulphuric acid, the sub- 
sequent distillation was still troublesome but a 40% yield of cyclohexyl- 
nitramine was obtained. 
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CATALYZED NITRATION OF AMINES 


VIII. THE MEDIUM USED IN NITRATION OF SECONDARY ALIPHATIC 
AMINES! 


By THELMA Connor, G. N. R. SMART,? AND GEORGE F WRIGHT 


Abstract 


The reaction CI- + NO;- = Cl* + NO has been found to be reversible 
in acetic anhydride. Analysis for electropositive chlorine and for nitric acid 
in this reacting system indicates that consumption of NO;~ and production of 
Cl* passes through a maximum after which nitric acid is regenerated and electro- 
positive chlorine disappears. This phenomenon has been interpreted as an 
initial formation of chlorine acetate (or other chlorine ester) which then decom- 
poses to give elemental chlorine. The increased demand for hydrogen chloride 
then shifts thé equilibrium toward regeneration of nitric acid. The reaction has 
been found to be second order in its kinetics, with an activation energy of about 
8000 cal. It is probably not the rate-controlling step in the catalyzed nitration, 
except perhaps where such nitration is easy and efficient. When nitration is 
difficult the electropositive chlorine tends to accumulate. When it becomes 
elemental chlorine, it is ineffective for nitration catalysis and is destructive to the 
amine. The catalysts acetyl chloride and zinc chloride have been studied. 
Electropositive chlorine formation occurs at the same rate with acetyl chloride 
as with hydrogen chloride. Zinc chloride, on the other hand, has been found to 
generate the maximum amount of electropositive chlorine immediately. This 
indicates that zinc chloride would be a good catalyst for easily nitrated amines 
but less efficient for amines which react more slowly, since the chlorine acetate 
not consumed by chloramination would decompose to give the destructive 
elemental chlorine. No mono-, di-, or trichloroacetic acids, nor perchloric acid, 
could be detected in aged reaction systems initially hydrogen chloride — nitric 
acid — acetic anhydride. 


The ease with which chloramines can be nitrated, with loss of electropositive 
chlorine, in acetic anhydride and nitric acid has been reported recently (7). 
Secondary amines can also be N-chlorinated in the same medium (7) when 
hydrogen chloride is present in quantity equivalent to that of the nitric acid. 
The nitration of secondary amines in nitric acid—acetic anhydride can be 
explained as a combination of these two reactions. The catalyst, electronega- 
tive chlorine, must therefore act as its oxidation product, electropositive 
chlorine, in the category of a carrier in a chain reaction. 


It seemed advisabie to investigate in greater detail this electropositive 
chlorine generation, because part of the salts of the more strongly proton- 
attracting amines (3) were frequently recovered unchanged at the end of the 
reaction. These strong amines, such as dibutylamine, always reacted much 
more slowly than those of intermediate strength, like morpholine (2). This 
indicated that the catalyst was being exhausted during slow nitration. It 
was evident that this loss must be understood and controlled before the 
catalyzed nitration was of general applicability. 


1 Manuscript received August 8, 1947. 
Contribution from the Chemical Laboratory, University of Toronto, Toronto, Ont. 
2 Recipient of Postdoctorate Research Fellowship from the National Research Council, 


Ottawa, Canada. 
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In a previous report we proposed that the generation of electropositive 
chlorine followed Equation I, although we realized that the ultimate validity 
of such an equation, thus written, was questionable. Indeed the reaction of 


(I) HCl + HNO; ~==> HOC! + HNO, 


hydrochloric and nitric acids has long been known as the method for prepar- 
ation of aqua regia (6, p. 618) in which nitrosyl chloride and chlorine (but not 
hypochlorous acid) are known to be present. 

We may nevertheless consider Equation I as a first step in a reaction series. 
Thus the constituents on the right of Equation I may be considered as reacting 
further according to Equations II and III. 


{IT] HCl + HOC] ~==> Cl, + H,0 
[IIT] HCl + HNO, ~—==> NOC! + HO 


By summation, we obtain the reversible Equation IV, which Briner 
(6, p. 619) and others have postulated for formation of agua regia. 


[IV] 3HCIl + HNO; ~—==> Cl, + NOC! + 2H:0 


It would not be expected that reaction of hydrochloric and nitric acids 
alone could stop before the stage represented by reaction IV was reached. 
If, however, acetic anhydride were included, the products of Equation I 
might attain a temporal stability which could be represented by Equation V. 


[V] 2HCI + 2HNO; + 3Ac.0 ~==> 2CIOAc + N20; + 4HOAc 


There is some evidence that these reaction products are important in the 
chloride-catalyzed nitration (5) of secondary amines, but it is not to be 
expected that other compounds such as those listed below would not also be 
present in some degree. 


NOOAc N20; Cl,O CINO, 
NO.OAc N2O, CINO; Cl. 


The ultimate relative ratios would depend on the initial concentrations of 
the reagents on the left in Equation V. Thus V-a, V-b, and V-c might also be 
expected to be operative. 


[V-a] 2HCl + HNO; + 2Ac.0 ~==> ClOAc + NOCI + 3HOAc 
[V-d] HCl + 2HNO; + 2Ac,0 ~==> ClOAc + N20, + 3HOAc 
[V-c] 2HCI + 2HNO; + 2Ac,.0 ~=—=> Cl, +N.,0, + 4HOAc 


It is obvious, if the hydrochloric — nitric acids system is in mobile equilibrium, 
that many more equations could be written. 

It was discovered early in the work that the mixture hydrogen chloride - 
nitric acid — acetic anhydride evolved gas slowly in open vessels. This gas 
evolution involves loss of electropositive chlorine. The loss is evaluated, in 
Fig. 1, for an equimolar hydrogen chloride - nitric acid mixture in acetic 
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anhydride medium, where B represents the loss of electropositive chlorine in 
a closed vessel and A shows the loss from an open vessel. In order roughly to 
determine the chemical nature of this evolved gas, nitrogen was swept through 
such a solution and the effluent was condensed in a series of traps at — 20°, 
—75°, and —175° C. 
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Fic. 1. Loss of electropositive chlorine from reaction system ( Table I). 


During the first two hours of the sweeping operation, the trap at the lowest 
temperature retained about 70% of the distillate, but 80% of the effluent was 
caught in the intermediate trap during the second two hours. Very little 
gaseous material was evolved after four hours. A rough distillation of the 
combined condensate indicated products in the proportions shown in Table I. 


TABLE I 


GASES EVOLVED FROM THE NITRIC ACID — HYDROCHLORIC ACID — ACETIC ANHYDRIDE SYSTEM 











tian Apparent Equivalent to Equivalent to 
rie wt., gm. moles HCl moles HNO; 

Hydrogen chloride 10 0.25 
Nitric oxide 5 0.15 
Chlorine 25 0.72 
Nitrosyl chloride 5 0.06 0.05 
Nitrogen trioxide 5 0.10 
Nitrogen tetroxide 30 0.65 
Total recovery 1.03 0.95 
Quantity reagent introduced, moles 3.35 ae 
% Recovered as gaseous products 28 27 














If the boiling points of these products are related to the proportions of con- 
densate in the several traps at the end of two and four hours, it would seem 
that hydrogen chloride as such was evolved during the early part of the experi- 
ment, while chlorine was evolved somewhat more slowly. On this basis, 
Equation V-c would ultimately best describe the system. It must, however, 
be remembered that the products obtained in this experiment do not represent 
the equilibrium condition in a closed system (see Fig. 1). It has been noted 
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previously (5) that the solubility of chlorine in acetic anhydride is much 
lower than that of chlorine acetate. 


Nevertheless other evidence is at hand to show that the hydrogen chloride — 
nitric acid — acetic anhydride system contains elemental chlorine after it has 
been prepared for a short time. Thus when a solution of zinc chloride and 
nitric acid in acetic anhydiide at 0° C. was treated with allylbenzene after one 
hour, it gave a complex product from which could be isolated a 36% yield of 
2,3-dichloro-1-phenylpropane. This material was identical in physical pro- 
perties with the product previously prepared from allylbenzene and chlorine in 
acetic anhydride (5). This yield was lowered when the allylbenzene was added 
soon after mixing of the other reagents, but we were unable to discover whether 
2-acetoxy-3-chloro-1-phenylpropane was formed instead. The boiling point 
of the latter compound is approximately the same as that of a number of 
by-products which are formed in this reaction. 


Although the presence of chlorine in the hydrogen chloride—nitric acid—acetic 
anhydride mixture can thus be demonstrated, it does not suffice to explain 
the catalytic activity of the mixture if the nitration of a secondary amine 
proceeds through a chloramine intermediate. It was shown in an earlier 
report (5) that chlorine acetate could convert a secondary amine to the 
corresponding chloramine, but that elemental chlorine was ineffective for 
this transformation. If the nitration mechanism involving intermediate 
chloramine formation is correct then the catalytic activity must be attributed 
to some form of electropositive chlorine which is present in the reaction mixture 
before elemental chlorine is produced. A kinetic study of the reaction would 
seem to be required. 


Before this study was carried out it was necessary to demonstrate the revers- 
ibility of the reactions outlined as Equations V, V-a, 6, and c. This was 
demonstrated first by the addition of nitrous anhydride to an acetic anhydride 
solution of chlorine monoxide and chlorine acetate. This caused what was 
essentially a shift in the equilibrium expressed by Reaction V, since nitric 
acid was formed and electropositive chlorine disappeared. Secondly, the 
formation of electropositive chlorine was found to be depressed when nitrous 
anhydride was added together with nitric acid and hydrogen chloride to acetic 
anhydride.* 


The kinetic behavior of the hydrogen chloride — nitric acid — acetic anhydride 
mixture was first examined at 0° C. in a system wherein the initial concentra- 
tions of nitric acid and hydrogen chloride were respectively 0.3445 molar and 
0.2700 molar in a solution of acetic acid and a large excess of acetic anhydride. 


The analyses for nitric acid and electropositive chlorine are recorded in 
Table II. 


*The discovery that the reaction expressed by Equation V is reversible may be related to several 
peculiarities of the chloride-catalyzed nitration of secondary amines. Since nitrous acid in one 
of its anhydride forms is a constituent of the equilibrium, 1t is evident that a high electropositive 
chlorine concentration ts possible only if the equilibrium 1s shifted by removal of the nitrous acid. 
One of the ways of removing this is obviously nitrosation of the amine. One may expect therefore 
that an increase in nitramine formation may depend on increase in nitrosamine yield 
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TABLE II 


SoLuTions 0.3445 MOLAR IN NITRIC ACID AND 0.2700 MOLAR IN HYDROGEN CHLORIDE 
MAINTAINED AT 0°C. 





_— 


Time, min. 4 41 117 250 518 1300 2735 








HNO; consumed, moles/liter | 0.044 | 0.051 | 0.141 0.144} 0.130 0.125 0.131 
Cl* produced, moles/liter 0.024 | 0.086 | 0.111 0.110 | 0.099 |} 0.098 | 0.087 


























It may be seen that the consumption of nitric acid seems to be appreciably 
greater than the production of electropositive chlorine. This we believe to 
be owing to a tendency toward low results in the electropositive chlorine 
analyses because of error in sampling and analytical procedure. The rate of 
consumption and production do, however, increase during the early stages 
of the reaction until a maximum is reached at about 150 min. Subsequently 
the electropositive chlorine seems to disappear while the nitric acid seems to 
be regenerated. The comparison is shown graphically in Fig. 2 as consumption 
of nitric acid and generation of electropositive chlorine. 
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Fic. 2. Consumption of nitric acid vs. formation of electropositive chlorine in reaction 
system (Table II). 


This behavior may be explained as the establishment of a new equilibrium 
based on the further reaction of chlorine acetate (or other chlorine ester) with 
the anhydride of nitric and nitrous acid according to Equation VI, 


[VI] 2 ClOAc + N2O, ~—==>_ Cl. + N20; + Ac,0 
or by the reaction of chlorine acetate with hydrogen chloride according to 


Equation VII. 
(VII] HCI + ClOAc ~==> Cl, + HOAc 
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The net result of producing elemental chlorine in place of chlorine acetate will 
thus be a shift in the system from the condition imposed according to Equation 
V-b to that of V-c. But this requires the consumption of another equivalent 
of hydrogen chloride which is not available. The result ought to involve an 
equilibrium shift to the left with an expected decrease in electropositive 
chlorine and an increase in nitric acid. The results shown in Table I may 
thus be interpreted as a consequence of a rapid reaction (V-d) finally being 
superseded by a slow reaction (V-c). 

All of the reactions represented by V, V-a, b, and ¢ should follow a second 
order rate with respect to conversion of electronegative to electropositive 
chlorine, accompanied by conversion of nitrate to nitrite. A determination 
of this rate was carried out with a series of solutions at 10° C. comprising 
various initial ratios of hydrogen chloride to nitric acid at different concen- 
trations. The electropositive chlorine values were determined at 4, 40, 55, 
and 70 min. These results are recorded in Table III. 

















TABLE III 
“ELECTROPOSITIVE CHLORINE CONCENTRATION AT VARIOUS NITRIC ACID — HYDROGEN CHLORIDE 
RATIOS 
t , Hypochlorous acid, moles/liter 

a HEI, | Moles HNOs| Moles HCI va 

liter liter. | Moles HCI |Moles HNO; 4 40 55 70 

min. min. min. min. 

0.1780 | 0.0865 2.075 0.484 0.0092 | 0.0260} 0.0306 | 0.0276 
0.3055 | 0.0865 3.540 0.282 0.0164 | 0.0445 | 0.0450] 0.0457 
0.5920 | 0.0865 6.860 0.146 0.0214 | 0.0553 | 0.0547 | 0.0553 
0.1780 |. 0.1535 1.162 0.860 0.0159 | 0.0448 | 0.0448 | 0.0472 
0.3055 | 0.1535 1.995 0.502 0.0212 | 0.0677 | 0.0689 | 0.0725 
0.5920 | 0.1535 3.870 0.259 0.0293 | 0.0790 | 0.0757 | 0.0810 - 
0.1780 | 0.3460 0.515 1.940 0.0285 | 0.0774 | 0.0804 | 0.0768 
0.3055 | 0.3460 0.882 1.132 0.0359 | 0.1153 | 0.1092 | 0.1107 
0.5920 | 0.3460 1.710 0.585 0.0523 | 0.1570 | 0.1541 | 0.1525 


























The latter three columns give an idea of the time at which the maximum 
amount of electropositive chlorine is generated for these concentrations and 
ratios. The initial rates were calculated from the electropositive chlorine 
titrations after four minutes. They are plotted in Figs. 3 and 4 against the 
mole ratios nitric acid/hydrogen chloride and hydrogen chloride/nitric acid 
for the several initial concentrations of hydrogen chloride and nitric acid. 
Heat of mixing has obscured the results in the case of high concentrations 
either of nitric acid or hydrogen chloride (lines through points representing 
the higher initial concentrations cannot be extrapolated to zero time). Never- 
theless it may be seen that the initial rate of formation for electropositive 
chlorine is directly proportional to both the nitric acid and hydrogen chloride 


| 
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concentration except where the concentration of one reagent is much larger 
than that of the other. Under this circumstance (the 6.86 HNO3/HCI ratio 
and the 1.94 HCl/HNO; ratio) the reaction tends to be first order as might 
have been anticipated. Otherwise the kinetics of the rate-controlling step are 
second order, since acetic anhydride is present in large excess. 
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Fic. 3. Formation of electropositive chlorine in reaction systems ( Table III). 
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Fic. 4. Formation of electropositive chlorine in reaction systems ( Table III). 


Hydrogen chloride has been expressed as the reactive species in the equations 
written thus far in thisreport. It is evident, of course, that hydrogen chloride 
reacts rapidly with acetic anhydride to form acetyl chloride and acetic acid. 
As might then have been expected, the rate of electropositive chlorine forma- 
tion in the mixture of acetyl chloride and nitric acid in acetic acid and its 
anhydride is identical with the rate when hydrogen chloride is used instead 
of the acid chloride. This rate is shown in Table IV for an experiment carried 
out at 0° C. 
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TABLE IV 


ELECTROPOSITIVE CHLORINE FORMATION IN THE SYSTEM ACETYL CHLORIDE — NITRIC ACID — 
ACETIC ACID — ACETIC ANHYDRIDE 


Initial concentration acetyl chloride: 0.30 mole per liter; 
Initial concentration nitric acid: 0.44 mole per liter 








Time, min. 3 10 20 44 104 





Cl*/liter 0.0342 0.0813 0.1472 0.1750 0.1680 




















It should not be inferred from these results that acetyl chloride is desirable 
as a catalyst in the nitration of secondary amines. It has, for example, been 
found to react with chloramines which are presumed to be intermediates in 
this nitration (1). 

In contrast to the relatively slow rate of electropositive chlorine formation 
(Figs. 1 and 2), when hydrogen chloride or acetyl chloride is used, the rate in 
presence of zinc salts was so rapid that the maximum hypochlorite concen- 
tration was attained before the first analytical sample could be withdrawn. 
This may be seen from the results outlined in Table V, where zinc chloride was 
used instead of hydrogen chloride as the initial reactant. Since the decom- 
position of the resulting electropositive chlorine is no faster (it may be slightly 
slower (5) ) than in absence of zinc ion, it is evident that this electropositive 
chlorine concentration will be greater when zinc chloride is used as catalyst 
in the nitration of secondary amines than when the amine hydrochloride is 
so employed. 

TABLE V 


ELECTROPOSITIVE CHLORINE FORMATION IN THE SYSTEM: ZINC CHLORIDE — NITRIC ACID 
— ACETIC ACID — ACETIC ANHYDRIDE 


Initial concentration zinc chloride: 0.1425 mole per liter 

















Initial concn. HNOs, Initial concn. HNO; , Initial concn. HNO;, 
0.3045 mole/liter. 0.2975 mole/liter. 0.2870 mole/liter. 
Temp., 0° C. Teme. 10.2" C. Temp., 21.0° C. 
Time, HOCI, Time, HOCI, Time, HOCI, 
min. moles /liter min. moles /liter min. moles/liter 
4 0.111 4 0.106 5 0.090 
48 0.097 51 0.082 $7 0.063 
55 0.096 54 0.083 59 0.058 
188 0.079 195 0.077 258 0.041 
286 0.082 386 0.078 340 0.037 























The temperature coefficient of the reaction between hydrogen chloride, 
nitric acid, and acetic anhydride (in excess) in acetic acid solution was deter- 
mined from a series of solutions initially 0.3445 molar in nitric acid and 0.2700 
molar in hydrochloric acid which reacted at 0°, 9.1°, and 22.5°C. The 


analyses are recorded in Table VI. 
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TABLE VI 


ELECTROPOSITIVE CHLORINE YIELD FROM SOLUTION 0.3445 MOLAR IN NITRIC ACID AND 0.2700 
MOLAR IN HYDROGEN CHLORIDE AT THREE TEMPERATURES 














(a) Run at 0.0°C. (b) Run at 9.1° C. (c) Run at 22.5° C. 
Time interval, |} Concn. HOCI, |Time interval,, Concn. HOCI, |Time interval,} Concn. HOCI, 
min. moles/liter min. moles/liter min. moles/liter 
4 0.0235 5 0.0389 4 0.0683 
41 0.0857 43 0.1027 41 0.1059 
116 0.1109 119 0.1032 118 0.0977 
249 0.1105 321 0.1010 
Sid 0.0990 515 0.0909 755 0.0715 
659 0.1069 
1302 0.0978 1153 0.0912 2190 0.0538 
2732 0.0871 2586 0.0875 
11,266 0.0670 10,860 0.0127 




















oc 


91°C. 





Moles HOCI/liter 





0.00 “ P a 





0 100 200 300 400 500 600 
Time, min. 


Fic. 5. Electropositive chlorine formation in reaction systems (Table VI). 


These electropositive chlorine titrations were plotted with respect to time in 
Fig. 5. It may be seen that the maximum electropositive chlorine concen- 
tration was reached sooner, but it also disappeared more rapidly, at the higher 
temperature. The specific rate constants were calculated over the first 100 


min. of the reaction as Roc = 0.065, Royo. = 0.105, Rox 5c. = 0.195 
(mole per liter per min.) from the relation 
— 2.303 b(a — x) 





0 ’ 
ia — b) © a(b — x) 
where a and b were initial concentrations of nitric acid and hydrogen chloride 
respectively and x was electropositive chlorine concentration at time t. The 
Arrhenius constant calculated from these values was found to be about 8000 cal. 
ke E T2 — Ty 
log - = : 
k, 2.303 R T2T 
It has been demonstrated that all of the electropositive chlorine produced 
from hydrogen chloride and nitric acid in acetic anhydride finally becomes 
elemental chlorine. Furthermore this elemental chlorine in acetic anhydride 
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solution will not convert a secondary amine to its chloramine. If the inter- 
pretation of Table II (Fig. 2) is correct, and a chlorine ester (such as chlorine 
acetate) is initially formed and then converted to elemental chlorine, then 
the activation energy of the first step is important from the standpoint of the 
chloride-catalyzed nitration. 

If the rate of formation of chlorine acetate approximates to the rate of its 
consumption in chloramination of secondary amines then it will be used effi- 
ciently as a chain carrier in the nitration of such amines. The rates of chlor- 
amination have not yet been determined, but presumably substances like 
morpholine and bis-8-cyanoethylamine react at rates comparable with that 
of chlorine acetate formation. At least they give high yields of a product 
free from halogen when they are nitrated. These nitrations are rapid reactions. 

On the other hand amines such as dibutyl and dioctylamine are nitrated 
much more slowly; the yields are relatively poor and the product is con- 
contaminated with chlorine-containing compounds. There is evidence (1) 
that these contaminants are formed by the action of chlorine. The present 
report indicates that when chlorine acetate remains in the system it tends to 
revert to elemental chlorine. This chlorine is not only destructive to the 
amine but it is also an inefficient chloraminating agent (5). Thus it tends 
to accumulate when compounds like dibutylamine and dioctylamine are 
chloraminated at a rate slower than that at which chlorine acetate is formed. 

The nitration system is, of course, not identical with those systems examined 
in the present research, since it contains secondary amine as well as hydrogen 
chloride, nitric acid, and acetic anhydride. However, an estimation of the 
electropositive chlorine concentration during the nitration of dibutylamine 
seems to conform with the behavior of the simpler system. This estimation 
was carried out on aliquots from which nitrous acid and dibutylchloramine, 
if any, had been removed by sulphamic acid and ether extraction respectively. 
It was found that 0.04 to 0.06% of electropositive chlorine was present over a 
reaction period of three hours and that it reached a maximum in 10 to 30 min. 
when hydrogen chloride was used as the catalyst. However, it was still 
present after 24 hr. despite the fact that unchanged amine and nitric acid 
were still present. The electropositive chlorine in the later stages of this 
reaction was probably largely elemental chlorine. 


Catalyst is lost during these nitrations and part at least has been recovered as 
elemental chlorine from the gas phase into dry-ice traps. The remainder 
tends to chlorinate the amine and perhaps the acetic anhydride and acetic 
acid. This latter possibility has not yet been investigated thoroughly, but 
examination of a nitric acid —- hydrogen chloride — acetic anhydride mixture 
which was seven hours old revealed, after hydrolysis, no monochloracetic 
acid (as 2,4-dichlorophenoxyacetic acid). Furthermore, no dichloroacetic or 
trichloroacetic could be isolated as the water-insoluble nitron salts, after 
nitric acid had been removed by distillation. These liquors also contained 
no perchloric acid, since a nitron salt was not precipitated after the nitric 
acid had been reduced with Devarda Alloy. 
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KINETIC STUDIES, ANALYTICAL METHODS 


Analysis for nitric acid.—A 5 ml. sample of anhydrous liquor was poured 
into 35 cc. of 10% aqueous sulphamic acid and about 50 gm. of pure ice. 
After vigorous shaking for two minutes in a glass-stoppered flask the solution 
was allowed to stand for one to three hours. After dilution to 100 ml., a 
10 ml. aliquot was treated with 1 cc. of 6 N aqueous ammonia and 2 drops of 
50% aqueous sulphuric acid. The solution was boiled and 1 cc. of a 10% 
solution of nitron in 5% aqueous acetic acid was added. After two hours’ 
cooling at 25° C. and one hour at 0° C. the precipitate was filtered off, washed 
with 5 cc. of ice-water, and dried for 90 min. at 110°C. The melting point 
of the nitron nitrate so obtained was 262° to 263° C. 


Moles nitric acid _ (wt. of ppt.) (0.1680) (2000) 
Liter a 63.0 





Analysis for electropositive chlorine (Ci+).—This analysis depends on the 
dual function of sulphamic acid in destroying nitrous acid and in stabilizing 
hypochlorous acid in acidic solution. It should be carried out exactly as 
specified. A 5 ml. aliquot of the anhydrous liquor was added to 35 ml. of 
10% aqueous sulphamic acid and 50 gm. of ice in a 500 ml. glass-stoppered 
flask. This mixture was shaken vigorously and continuously during the 
addition, and subsequently for two minutes. After about 20 min. 10 cc. of a 
10% potassium iodide solution was added and the liberated iodine titrated 
with NV/10 thiosulphate. 


KINETIC STUDIES, PREPARATION OF REAGENTS 


Solution A. Nitric acid —acetic anhydride.—To 220 ml. of acetic anhydride 
(redistilled technical grade (b.p. 136° to 138° C.) (751 mm.), d@39 1.072) which 
was chilled to —20° C. was added 7 ml. of 98.2% nitric acid. This solution 
was almost colorless and was stored at —20°C. It was analyzed just before 
it was used. 


Solution B. Hydrogen chloride -— acetic acid — acetic anhydride.—To a solution 
of 110 ml. acetic anhydride and 60 ml. of 99.7% acetic acid at —20° C. was 
added 50 ml. of a cold solution containing 105 gm. of hydrogen chloride per 
liter of acetic acid. This was kept at —20° C. and was analyzed before use. 

Solution C. Zinc chloride — acetic acid — acetic anhydride.—To a solution of 
55 ml. each of acetic anhydride and acetic acid was added 4.8 gm. of reagent 
grade zinc chloride. After one hour’s shaking, the zinc chloride was dissolved. 
The colorless solution was maintained at 10° C. until it was used. 


Solution D. Acetyl chloride — acetic acid — acetic anhydride.—To a solution 
of 55 ml. acetic anhydride and 55 ml. acetic acid was added 2.59 gm. of acetyl 
chloride. 


* All melting points have been corrected against known standards. 
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KINETIC STUDIES OF THE REACTION 


One to two hours after preparation, the solutions described above were 
chilled to a temperature 5° C. below that at which the reaction was carried out, 
and then mixed quickly in the quantities required to produce about 100 ml. 
of solution in a 250 ml. glass stoppered flask. Volume errors owing to mixing 
were disregarded because of the large excesses of acetic anhydride and acetic 
acid. One minute after mixing, the reaction was usually about 0.5° C. below 
the desired temperature, which it reached three minutes after mixing. The 
flask was tightly stoppered at all times except when analytical aliquots were 
withdrawn. 


2,3-Dichloro-1-phenylpropane from Chlorine and Allylbenzene 


A solution of 17 gm. (0.125 mole) of anhydrous zinc chloride and 11 cc. 
(0.25 mole) of 99% nitric acid in 102 gm. (1 mole) of acetic anhydride was 
prepared quickly at 0° C. Titration of an aliquot showed that 20% of the 
chlorine was present in the electropositive state. After one hour, this solution 
was treated in an ice-salt bath with 11.8 gm. (0.1 mole) of allylbenzene in 
12 cc. of acetic anhydride. The reaction mixture was allowed to warm to 
25° C. over four hours and was then concentrated by distillation under 25 mm. 
pressure. The residue was washed with water, and dissolved in ether. The 
ether solution, dried over magnesium sulphate, was distilled, finally under 
11 mm. to give 6.80 gm., b.p. 120° to 140°C. Redistillation yielded 1.36 gm. 
of 2,3-dichloro-1-phenylpropane, b.p. 125° to 127°C. (11 mm.), m? 1.5384; 
d}> 1.186. The remainder of the reaction product was a complex mixture 
which boiled from 140° to 200° C. (11 mm.). The yield of 2,3-dichloropropane 
was decreased to 18% when the allylbenzene was added 30 min. after the 
reagents were mixed. 


Gaseous Products from the Reaction 


A solution of 1.4 liters of acetic anhydride and 146 cc. (3.55 moles) of 99% 
nitric acid at 0° C. was added to a solution, also at 0° C., of 127 gm. (3.48 
moles) of hydrogen chloride in 500 cc. acetic acid and 1 liter of acetic anhydride. 
A slow stream of nitrogen (about 150 cc. per min.) was passed through this 
solution at 25°C. and thence through one trap at —20°C., a second at —75°C., 
and a third at liquid air temperature. After two hours the traps contained 
about 70 gm. of liquids and solids, distributed as 5% at —20°C., 25% at 
—75°C., and 70% at liquid air temperature. 

These traps were emptied by distillation into a fourth at liquid air tem- 
perature and were then employed for a second two-hour sweep of the reaction 
mixture with nitrogen. The distribution of this condensate (wt. about 40 gm.) 
was 10% at —20°C., 80% at —75°C., and 10% at liquid air temperature. 
A third two-hour sweep with nitrogen yielded but little condensable material. 

These condensates were combined and distilled to yield a series of fractions 
among which the following substances were positively identified: nitric oxide 
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(by oxidation to nitrogen tetroxide), chlorine (as stilbene dichloride), and 
nitrogen tetroxide (by melting point). The other substances listed in Table I 
were tentatively identified by boiling point. 


DEMONSTRATION OF EQUILIBRIUM MOBILITY 


Nitrous Anhydride with Chlorine Monoxide — Acetate Solution 


Into a solution of positive chlorine compound (1 mole as chlorine monoxide) 
in 3.5 moles of acetic anhydride was distilled a definite weight of Kahlbaum 
nitrous anhydride. When a 1 ml. portion of this solution was hydrolyzed 
by addition to 25 cc. of 10% aqueous sulphamic acid and ice and subsequently 
treated with nitron acetate, a good yield of nitron nitrate, m.p. 260° to 261° C., 
was obtained. Admixture with an authentic sample did not depress the 
melting point. 


After hydrolysis in aqueous sulphamic acid, solutions of this type were 
analyzed iodometrically with results as follows: 














" _ —_ . Moles/liter Final moles/ HOCI decrease, moles 
Expt. No. Initial HNO. q . : 
a vr , HOCI liter HOCI HNO; initial, moles 
1 0.185 0.175 0.063 0.607 
2 0.102 0.179 0.120 0.579 

















Nitrous Anhydride with Zinc Chloride — Nitric Acid in Acetic Anhydride 


A. Into 11.002 gm. of a 3.8% solution of 99% nitric acid in acetic anhydride 
was distilled 0.2715 gm. of nitrogen trioxide. To this was added at 0°C. 
10 ml. of a 4.086% solution of zinc chloride in acetic anhydride. Analysis 
after five minutes and also after two hours showed that from a solution 0.300 
molar in chloride, 0.295 molar in nitric acid, and 0.358 molar in nitrogen 
trioxide less than 0.003 mole per liter of hypochlorous acid was produced. 


B. When 10 ml. of a 4.086% solution of zinc chloride in acetic anhydride 
was added to 10 ml. of a 38% solution of nitric acid in acetic anhydride at 
0° C. the resulting solution (originally 0.300 molar in hydrogen chloride, 
0.295 molar in nitric acid) was found after five minutes to be 0.080 molar in 
hypochlorous acid. When a large excess of nitrogen trioxide was distilled 
into this solution, subsequent analysis for hypochlorous acid showed it to be 
less than 0.005 molar. 


APPLICATION TO THE CATALYZED NITRATION 


Titration of Electropositive Chlorine in Catalyzed Nitration 

A 2 ml. aliquot of the reaction mixture was removed, drained at once into 
75 ml. of 3% sulphamic acid at 0° C. and shaken violently for several minutes. 
When a negative test (4) for nitrous acid was obtained with sulphanilic acid 
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and a-naphthylamine the solution was neutralized, still cold, with 30% 
aqueous sodium hydroxide. It was then extracted with 10 ml. of ether at 
0°C. The iced aqueous layer was acidified to pH 3 with dilute sulphuric 
acid and titrated iodometrically. 


Absence of the Chloroacetic Acids and Perchloric Acid in the Aged Reaction 
Mixture 


To 52 cc. (0.55 mole) of acetic anhydride at 0° C. was slowly added with 
cooling 10 gm. (0.1 mole) of 37% hydrochloric acid and then 4.1 cc. (0.1 mole) 
of 99% nitric acid over a two-minute period. The solution immediately 
became brown-red. After 20 min. this was warmed to 25°C. (titration 
showed 22% of total chlorine was electropositive) and maintained at that 
temperature for seven hours. 


A 4.5 gm. aliquot was then diluted into 30 cc. water and 2 cc. ethanol, then 
chilled and 40 cc. of 30% alkali added. To the cold solution was added 
slowly 2.5 gm. of Devarda Alloy. After 12 hr. the solution was diluted to 
100-cc. with water and acetic acid and this acidified solution was filtered. 
To one-fifth of the filtrate was added 10 cc. of a 2% solution of nitron in 4% 
aqueous acetic acid. No precipitate was obtained, although a control wherein 
perchloric acid was added to an aliquot of the nitration mixture gave a good 
yield of nitron perchlorate by this known procedure (9). 

The remainder of the reaction mixture was evaporated under reduced 
pressure to remove all of the electropositive chlorine (evidently as elemental 
chlorine since it was not condensed in a dry-ice trap under 10 mm. pressure) 
and the acetic acid, acetyl chloride, and excess acetic anhydride at 40° C. 
The residual liquor (3 gm.) was hydrolyzed with 3 cc. of water. A 1 cc. portion 
gave no 2,4-dichlorophenoxyacetic acid when treated by the prescribed proce- 
dure for monochloroacetic acid (8). The remaining 4 cc. of this aqueous 
solution was treated with 10 cc. water and 5 cc. of the 2% nitron acetate 
solution in 4% aqueous acetic acid. No precipitate appeared although both 
dichloroacetic and trichloroacetic acid precipitate nitron salts under these 
conditions. Thus 0.2 gm. of trichloroacetic acid in 30 cc. of water gives a 
precipitate when treated with 10 cc. of the nitron acetate solution. This 
precipitate, filtered off after four hours and dried 12 hr. at 40° C., weighed 
0.260 gm. and melted at 104° to 106°C. This was purified by easy solution 
in acetone to which water was then added, m.p. 105° to 106° C. It was easily 
distinguished from nitron nitrate and nitron perchlorate because of its ready 
solubility in ether. The same was true of the lower-melting and more water- 
soluble nitron dichloroacetate. 
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CONVERSION OF XYLOSE TO FURFURAL BY MEANS OF 
HYDROBROMIC ACID! 


By G. A. ADAMS AND A. E. CASTAGNE 


Abstract 


Simple distillation with hydrobromic acid converted xylose to furfural in 
approximately 93% yield. Addition of sodium bromide to hydrobromic acid 
increased the rate of formation of furfural but did not increase the final yield. 
Twenty-three per cent hydrobromic acid was slightly more destructive towards 
furfural than 12% hydrochloric acid. Approximately 23% hydrobromic acid was 
found to be the best concentration for pentose determination; higher concen- 
trations gave lower yields of furfural while lower concentrations gave slightly 
higher yields but required greatly extended periods of distillation. For deter- 
mination of pentoses and pentosans, hydrobromic acid has no advantage over 
hydrochloric acid now in general use. 


Introduction 


Various acids and dehydrating agents have been employed for conversion 
of pentoses and pentosans to furfural. In their review, Pervier and Gortner 
(9) refer to the use of hydrochloric, sulphuric, phosphoric, and glacial acetic 
acids. Hurd and Isenhour (3) have investigated the mechanism of pentose 
conversion to furfural by using phosphorus pentoxide, anhydrous zinc chloride, 
sodium sulphate, calcium chloride, ammonium sulphate, hydrochloric, sul- 
phuric, nitric, phosphoric, trichloroacetic, oxalic, and phenol sulphonic acids. 
However, 12% hydrochloric acid is universally accepted in analytical applica- 
tions as the best reagent from the standpoint of highest furfural yields, less 
condensation, shorter time requirements, and better reproducibility of results 
(11, p. 612). Even hydrochloric acid suffers from the disadvantage of incon- 
sistent quantitative conversion of pentose material to furfural. Methods 
have been devised for rendering the conversion quantitative (1, 10), but the 
techniques are tedious and of uncertain reproducibility (6). 

In 1940, Jayme and Sarten (4) announced a method in which hydrobromic 
acid was used to convert pentoses quantitatively to furfural by simple distil- 
lation. In a later publication, they described the procedure in detail (5). 
Since their method was stated to have important advantages over those in 
general use, it appeared worthwhile to repeat their work and to see if their 
claims could be substantiated. The present paper describes the results of a 
thorough examination of the Jayme and Sarten method. 


Experimental and Results 


Conversion of Xylose to Furfural 


A sample of pure xylose weighing 101.1 mgm. (equivalent to 64.7 mgm. 
furfural) was reacted with 150 ml. of 23% (by weight) hydrobromic acid 


1 Manuscript received October 9, 1947. 
Contribution from the Division of Applied Biology, National Research Laboratories, 
Ottawa, Canada. Issued as Paper No. 56 on the Industrial Utilization of Wastes and Surpluses 
and as N.R.C. No. 1706. 
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(bromine free) and the furfural removed by simple distillation. An all-glass 
distillation apparatus similar to that described by Hughes and Acree (1) was 
used. The reaction flask was heated with a controlled electric cone heater 
instead of the gas flame used by Jayme and Sarten (5). Four hundred milli- 
liters of distillate was taken off and its furfural content determined by the 
excess bromine oxidation method described by Hughes and Acree (2). 

Although the directions given in the original method were followed closely 
in a number of replicated experiments, only about 68% of the furfural was 
recovered instead of the 100% claimed by Jayme and Sarten (5). 

The rate of formation of furfural from xylose was determined next by 
measuring the amount present in 200, 400, 600, 800, 1000, 1200, 1400 and 
1600 ml. of distillate. The distillation rate was kept constant at 400 ml. 
per hr. Since it was found that only a small amount of hydrobromic acid 
distilled off, it was possible to maintain constant volume in the reaction flask 
by the steady addition of water. A comparative experiment, in which 20 gm. 
of sodium bromide was added to the 23% hydrobromic acid, was carried out 
to determine the effect of the added salt on the rate of formation of furfural. 
Furfural was determined by the bromine oxidation procedure. Results are 
shown in Fig. 1. 
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Fic. 1. Formation of furfural from xylose by distillation at rate of 400 ml. per hr. from: 


—@— 23% hydrobromic acid. 
—O— 23% hydrobromic acid + sodium bromide. 


Hydrobromic acid brought about a relatively slow conversion of xylose to 
furfural which was about 93% complete after 1000 ml. of distillate had been 
removed. Further treatment did not increase the yield. The addition of 
sodium bromide accelerated the rate of furfural formation but did not increase 
the final yield. The temperature of the hydrobromic acid solution during 
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distillation was 108° C.; the addition of sodium bromide raised it to 111° C. 
The latter temperature is alniost identical with that of boiling 12% hydro- 
chloric acid saturated with sodium chloride. 


Recovery of Pure Furfural 


Since hydrobromic acid failed to give quantitative conversion of xylose to 
furfural, distillation of pure furfural with 23% hydrobromic acid was carried 
out to find if the procedure caused destruction of furfural. Seventy-five 
milligrams of pure furfural, 77} = 1.5234, was distilled with 23% hydro- 
bromic acid at the rate of 400 ml. of distillate per hour. The recovery of 
furfural was measured at regular intervals during the distillation. The results 
are given in Table I. 

TABLE I 


RECOVERY OF PURE FURFURAL DISTILLED FROM 23% 
HYDROBROMIC ACID 











Volume of distillate, ml. | Furfural recovered, % 
300 94.6 
500 96.0 
600 96.4 
800 97.4 
1000 97.0 








No further recovery of furfural was achieved beyond 97.4%, which was 
obtained in 800 ml. of distillate. At this point, the aniline color test was 
negative and further distillation and analyses confirmed the absence of fur- 
fural. Comparative experiments in which furfural was recovered by distil- 
lation from water and also 12% hydrochloric acid yielded 100 and 99.1% 
recoveries respectively. It is apparent that 23% hydrobromic acid is more 
destructive toward furfural than 12% hydrochloric acid, which is used in 
standard procedures for pentose and pentosan determinations. It is extremely 
unlikely therefore that quantitative conversion of a pentose to furfural can 
be achieved by 23% hydrobromic acid when furfural alone cannot withstand 
the reagent. 


Aliquots of 100 mgm. of pure furfural were refluxed for two hours in water, 
12% hydrochloric acid, and 23% hydrobromic acid respectively. The per- 
centages of the original furfural recovered after treatment were: from water, 
97.5; from hydrochloric acid, 79.4; and from hydrobromic acid, 77.2. The 
destruction of furfural by 23% hydrobromic acid is greater than by 12% 
hydrochloric acid and lends confirmation to the results found by simple distil- 
lation with the same reagents. 


Effect of Various Concentrations of Hydrobromic Acid on Xylose 


Although 23% hydrobromic acid has been chosen by Jayme and Sarten 
as the concentration to be used for furfural determination, no published data 
have been found on the use of the acid in other concentrations. It seemed 
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worthwhile therefore to investigate the use of various concentrations both 
from the standpoint of increased furfural yield and possible economy in the 
amounts of acid required. Known amounts of xylose were distilled with 
14.8, 19.2, 24.4, 33.4, and 41.2% hydrobromic acid solutions (by weight) 
until the distillate contained no furfural. The yield of furfural was deter- 
mined by the bromine oxidation method, and the results are given in Table II. 


TABLE II 


EFFECT OF VARIOUS CONCENTRATIONS OF HYDROBROMIC ACID ON 
CONVERSION OF XYLOSE TO FURFURAL 








Hydrobromic acid, Volume of distillate, Furfural recovered, 
gm. per 100 ml. ml. % of theoretical 














The higher concentrations of hydrobromic acid (33 and 41%) required the 
distillation of relatively small volumes, but gave low yields of furfural. The 
lower concentrations of acid (14 and 19%) yielded slightly higher recoveries 
of furfural than are realized with the recommended concentration of 23%, 
but large amounts of distillate had to be collected. The slow rate of furfural 
formation and the long distillation periods preclude using low concentrations 
of acid for routine analysis. There is no indication that any concentration 
of hydrobromic acid will give a quantitative yield of furfural from xylose. 
The most practical concentration appears to be of the order of 23% as used 
by Jayme and Sarten. 


Discussion 


The results outlined above show that xylose is not quantitatively converted 
to furfural by the action of 23% hydrobromic acid as reported by Jayme and 
Sarten (5). It is apparent that for this reaction hydrobromic acid has no 
unique properties and gives results similar to those obtained with hydro- 
chloric and sulphuric acids. Simple distillation of pentoses with 12% hydro- 
chloric acid saturated with sodium chloride gives about a 90% theoretical 
yield of furfural; under similar conditions, 23% hydrobromic acid gave about 
93%. The time requirements for distillation with hydrobromic are about the 
same as for hydrochloric acid. Twelve per cent hydrochloric acid, on distil- 
lation, changes to a constant boiling mixture and must be replenished by the 
addition of more 12% acid, but only a small amount of acid distills from 23% 
hydrobromic acid, and water can be used to maintain the volume in the 
reaction flask. Although much less hydrobromic acid is required for a deter- 
mination than hydrochloric acid, the cost of the reagent is two to three times 
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greater. Another disadvantage of hydrobromic acid is the necessity of 
removing small amounts of free bromine which gradually appear on standing. 


Several investigators have found improved yields of furfural by the addition 
of sodium chloride to 12% hydrochloric acid (7, 8); the salt stabilizes the con- 
centration of the acid and raises the boiling point slightly. Addition of 
sodium bromide to 23% hydrobromic acid has only the function of raising the 
boiling point (about 3° to 4° C.) since the acid concentration remains rela- 
tively unchanged. The higher temperature in the reaction flask accelerated 
the rate of formation of furfural considerably but did not increase the final 
yield. 

The quantitative yields of furfural obtained by Jayme and Sarten can only 
be explained by their use of the excess bromine method of analysis, which is 
known to give high results if the temperature of reaction between furfural and 
bromine is not maintained at 0° C. (2). Since they kept the temperature at 
14° to 15° C. it seems likely that their theoretical recovery of furfural from 
xylose was due to a compensatory high analytical result rather than 100% 
conversion of xylose. 


_ It may be concluded from the experiments described in this study that 
hydrobromic acid does not give quantitative conversion of pentose (xylose) 
to furfural and has no advantage over other acids now in general use. 
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SOME FACTORS AFFECTING THE DETERMINATION OF 
FURFURAL' 


By G. A. ADAMS AND A. E. CASTAGNE 


Abstract 


The previous observation by Stillings and Browning that methylfurfural and 
hydroxymethylfurfural do not interfere with the photocolorimetric determination 
of furfural with aniline has been confirmed. The color of the furfural — aniline 
acetate compound was stabilized satisfactorily by oxalic acid and sodium chloride; 
the addition of disodium phosphate brought about minimum transmittance. 
Recoveries of furfural distilled from 12% hydrochloric acid were 99.0 and 99.7% 
as measured by the photocolorimetric and excess bromine titration methods 
respectively. Xylose was converted to furfural in 90.6% yield by simple distil- 
lation with 12% hydrochloric acid saturated with sodium chloride. Rapid steam 
distillation increased the recovery to 91.6%. Dextrose, levulose, cellulose and 
rhamnose gave apparent furfural yields by the excess bromine titration method 
but negative results with the photocolorimetric method. The two methods were 
applied to 13 plant residues whose furfural contents ranged from more than 30% 
in ‘Beewing’ wheat bran to less than 5% for peat. The results obtained by the 
photocolorimetric method, regarded as being the true furfural contents, are 2 to 
3% lower than those obtained by the titration method. 


Introduction 


An investigation on the hemicelluloses of straws in these laboratories 
required an accurate and rapid method for determination of their furfural- 
yielding constituents. The usual method consists of converting the pentosans 
by acid hydrolysis into pentose sugars, which are dehydrated simul- 
taneously to furfural. A variety of methods exist for the estimation of 
furfural, including gravimetric (2; 3, p. 32; 6; 17), volumetric (12, 14, 17, 18), 
and colorimetric (16, 22, 24) procedures. Furfural-yielding substances in 
plant materials are usually associated with cellulose, starch, and hexose 
sugars. These latter substances are capable on acid hydrolysis of yielding 
appreciable amounts of hydroxymethylfurfural (5, 10, 11). In addition, 
methyl pentoses, if present, yield methylfurfural on acid hydrolysis (17). 
The known gravimetric and volumetric procedures for estimating furfural 
measure these furfural derivatives as well as small amounts of other interfering 
substances such as volatile aldehydes, and therefore yield an incorrect furfural 
value. Most of the measures taken to overcome the difficulties are of doubtful 
value (15). Recently, Stillings and Browning (22) have reported a photo- 
colorimetric method for the specific estimation of furfural in a mixture con- 
taining hydroxymethylfurfural and methylfurfural. 

The present communication describes the results of studies on the photo- 
colorimetric determination of furfural and its application to acid distillates 
of a pure pentose (xylose) and a variety of plant materials. The results are 


1 Manuscript received October 9, 1947. 
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N.R.C. No. 1710. 
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compared with those given by the excess bromine oxidation method, which 
has come into general use for the estimation of pentosans (12). 

The investigation was developed in three steps: (1) The determination of 
the optimum conditions for photocolorimetric determination of furfural, 
(2) the establishment of the optimum conditions for consistent yield of furfural 
from xylose, (3) the application of the developed techniques to the deter- 
mination of furfural in acid distillates from plant materials. 


Photocolorimetric Determination of Furfural 


The method developed by Stillings and Browning (22) consists of adding 
furfural to aniline in acetic acid solution, allowing the mixture to stand under 
standard conditions, and measuring its spectral transmittance. Analyses of 
solutions of unknown strength are made by reference to a calibration chart 
prepared from known amounts of pure furfural. Methods of stabilizing the 
color and reducing the time required for maximum color development are 
claimed by Duncan (7). Reeves and Munro (19) have pointed out the difficul- 
ties caused by rapid fading of the colored aniline-furfural compound in strong 
light and suggest the use of visual rather than photoelectric colorimeters. 


Preliminary trials on the original method, even with the suggested improve- 
ments, failed to give consistent results and led to an investigation of the 
factors governing the formation and stability of the colored furfural—aniline 
acetate compound. The spectral transmittance characteristics of the aniline 
acetate colored compounds formed with furfural, hydroxymethylfurfural, and 
methylfurfural were determined and served as a basis for subsequent analytical 
applications. ; 

Experimental and Results 


Furfural was purified by distillation im vacuo and a middle fraction taken 
for analysis. _Hydroxymethylfurfural was prepared from sucrose by a method 
described by Haworth and Jones (9) and methylfurfural was obtained from 
rhamnose by the method of Rinkes (21, p. 62). Aniline was purified by 
redistillation shortly before use. 

A Beckman quartz spectrophotometer model DU was used for making the 
spectral transmittance measurements. ‘Corex’ glass absorption cells that 
provided a liquid thickness of 10 mm. were used in all experiments. 


The spectral characteristics of furfural, hydroxymethylfurfural, and methyl- 
furfural were obtained by the following modifications of the Stillings and 
Browning procedure (22). Aqueous solutions containing 0.056 mgm. of each 
substance were added to a reagent prepared by mixing 50 ml. of glacial acetic 
acid, 5 ml. of aniline, and 10 ml. of 20% sodium chloride. The final solution 
was made up to 100 ml. and allowed to stand in the dark in a water bath at 
20° C. for 60 min. A blank containing all the reagents was prepared simul- 
taneously. The transmittance of the test solutions was then read at various 
wave lengths using the transmittance of their blanks as 100 to determine the 
region of maximum absorption. 
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The results are shown in Fig. 1 and agree quite closely with those of Stillings 
and Browning (22). The wave length of minimum transmittance lies in the 
region of 5180 A. Since neither methylfurfural nor hydroxymethylfurfural 
exhibits any absorption in this region of the spectrum, it is possible to deter- 
mine furfural in the presence of these closely related compounds. 
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Fic. 1. Spectral transmittance of furfural compounds with aniline acetate. 
—@— furfural 
—O— methylfurfural 
—O— hydroxymethylfurfural 


Stabilization of Furfural—Aniline Colored Compound 

The most serious drawback to the photocolorimetric method is the instability 
of the furfural—aniline color. In the original procedure described by Stillings 
and Browning, it was claimed that minimum transmittance and color stability 
were reached in 55 min., but trials in this laboratory and also by Duncan (7) 
failed to confirm this observation. It was decided to investigate the stabilizing 
effect of sulphuric acid, zinc chloride, and aluminium chloride, as well as the 
substances used by Duncan (7), namely, sodium chloride, disodium phosphate, 
and oxalic acid. 

Various amounts of these reagents were mixed with 50 ml. of glacial acetic 
acid and 5 ml. of aniline, 0.056 mgm. of furfural was added to each mixture, 
and the volume made up to 100 ml. All reagents were adjusted to 20° C. 
(+ 0.5°) before mixing. Transmittance measurements were made at five- 
minute intervals on the Beckman spectrophotometer. All substances tested 
brought about a measurable amount of stabilization but oxalic acid, disodium 
phosphate, and sodium chloride gave the most promising results; their effects 
are shown in Fig. 2. 
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In the absence of any stabilizing reagent, the furfural—aniline colored com- 
pound was stable for only about five minutes. The individual addition of 
oxalic acid, disodium phosphate, and sodium chloride was unsatisfactory, 
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Fic. 2. Effect of various reagents on color stability and spectral transmittance of furfural- 
aniline compound 
A. 1. Control 
. Sodium chloride 
. Disodium phosphate 
. Oxalic acid 
. Disodium phosphate +- sodium chloride 
. Oxalic acid + sodium chloride 
. Oxalic acid + disodium phosphate 
. Oxalic acid + disodium phosphate + sodium chloride 
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although oxalic acid appeared to have the best effect. A combination of 
oxalic acid and sodium chloride gave satisfactory color stability and the 
further addition of disodium phosphate gave equal stability along with 
minimum transmittance. The presence of sodium chloride increased the 
time required for maximum color development. No difficulty was experienced 
with cloudy solutions as reported by Duncan. The pH values of the final 
solutions were about 3.0, which is reported as the optimum for furfural—- 
aniline color development (13). 


Variation of Light Transmittance with Furfural Concentration 

Trials showed that solutions containing 0.030 to 0.100 mgm. of furfural 
per 100 ml. could be satisfactorily measured on the Beckman spectrophoto- 
meter. Fig. 3 shows that Beer’s law is valid within this range. 


Estimation of Pure Furfural by Photocolorimetric and Titrimetric Methods 

Since a comparison was contemplated between furfural determination by 
the photocolorimetric and by the excess bromine titration method, it was 
necessary to know if the latter procedure gave quantitative results with pure 
furfural. 
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Redistilled furfural was diluted to appropriate concentrations with 3% 
hydrochloric acid and estimated according to the excess bromine method of 
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Fic. 3. Relation between furfural concentration and spectral transmittance at 5180 A. 


Hughes and Acree (12). The results given in Table I show that the method 
is capable of giving quantitative yields of furfural in concentrations between 
10 and 110 mgm. The results are directly comparable with those obtained 
by the colorimetric method. 

TABLE I 


RECOVERY OF PURE FURFURAL BY EXCESS BROMINE TITRATION METHOD 











Furfural present, Furfural found by Recovery, 
mgm. analysis, mgm. % 
11.1 11.3 100.8 
27.8 27.9 100.3 
55.6 56.0 100.7 
112.0 111.0 99.5 











Conversion of Xylose and Pentosan to Furfural 


The conversion of pentoses and pentosans to furfural is accomplished by 
distillation with moderately dilute acids. Critical reviews of the literature 
show that quantitative yields of furfural are obtained from pure pentoses 
(xylose and arabinose) only by tedious and cumbersome techniques. Most 
procedures under carefully controlled conditions give some constant conver- 
sion, usually of the order of 85 to 90%. After a thorough review of the 
literature, Jayme and Sarten (15) concluded that 12 to 13% hydrochloric 
acid saturated with sodium chloride is the best reagent for converting pento- 
sans to furfural. A similar conclusion is reached from the general acceptance 
of 12% hydrochloric acid as the reagent for standard procedures for pentosan 
determinations (2; 3, p. 32). There are still questions regarding the value 
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of steam distillation, rate of distillation, recognition of the end point of furfural 
distillation, method of heating the reaction flask, and volume of distillate to be 
collected. An attempt was made in this work to incorporate the best features 
of the existing methods into a simple procedure yielding reproducible results. 
The yield of furfural was compared by the colorimetric and excess bromine 
titration methods of analysis. 


Experimental and Results 


Recovery of Furfural Distilled from 12% Hydrochloric Acid 

Various amounts of pure furfural were distilled at the rate of 400 ml. of 
distillate per hour, from 12% hydrochloric acid saturated with sodium chloride. 
The distillation apparatus was of all-glass construction as recommended by 
Hughes and Acree (13), and heat was supplied by a controlled cone heater 
that kept a temperature of about 110° C. in the reaction flask. The volume 
in the flask was held at 125 ml. by the addition of 12% hydrochloric acid from 
a dropping funnel. Complete disappearance of furfural in the distillate was 
determined by a test described by Hughes and Acree (13). The distillate 
was analyzed for furfural by the colorimetric and titration methods. 


TABLE II 


RECOVERY OF FURFURAL DISTILLED FROM SOLUTION IN 12% HYDROCHLORIC ACID AS DETERMINED 
BY PHOTOCOLORIMETRIC AND TITRATION METHODS 

















a Colorimetric method Titration method 
— Furfural by Recovery, Furfural by Recovery, 
-_ analysis, mgm. 0 analysis, mgm. 0 
26.2 26.1 99.6 26.8 102.0 
51.9 51.0 98.3 51.4 99.1 
104.8 104.6 99.8 103.6 98.8 
148.6 145.4 98.4 146.6 98.9 




















The results in Table II show almost quantitative recovery of furfural over 
the range tested by both methods. Angell, Norris, and Resch (1) found losses 
of approximately 1% when furfural was distilled with 12% hydrochloric acid 
and considered such losses to be within the normal limits of experimental error. 
Losses of the order of 1.6% have been reported by Campbell and Smith (4). 
It seems likely, therefore, that no appreciable destruction of furfural occurs 
during distillation with 12% hydrochloric acid. 


Conversion of Xylose to Furfural by Simple Distillation 

The distillation technique described above was applied to pure xylose 
solutions of various strengths. Preliminary experiments in which the distil- 
late was periodically tested for furfural permitted estimation of the amount 
to be collected for completion of the pentose-to-furfural conversion. For 
amounts of xylose up to 200 mgm., about 1000 ml. of distillate was adequate 
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and was recovered in 2} to 2} hr. An aliquot was diluted with an equal 
volume of water and analyzed by the titration method, and a second aliquot 
was neutralized with sodium hydroxide (with cooling), diluted, and analyzed 
by the colorimetric method. The results are given in Table III. The yield 


TABLE III 


FURFURAL YIELD FROM XYLOSE AS DETERMINED BY COLORIMETRIC AND TITRATION METHODS 








Furfural Furfural found, % of theoretical 
Xylose, mgm. theoretical 
yield, mgm. Colorimetric method Titration method 
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of furfural from xylose was approximately 90% of theoretical as measured 
by both methods, with the titration procedure yielding a slightly higher result. 
The yield did not vary significantly over the range of xylose used (25 to 200 
mgm.). The yield fell within the range of recovery of 88 to 91% usually 
reported (2; 3, p. 32; 8; 20) and was found to be readily reproducible. 
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Fic. 4. Rate of formation of furfural from xylose by simple distillation from 12% hydro- 
chloric acid at the rate of 400 ml. of distillate per hour. 





In Fig. 4, the rate of formation of furfural from 65 mgm. of xylose is shown. 
The furfural was estimated by the titration method. Furfural was produced 
quite rapidly and a practical yield of 90% of the theoretical was reached in 
less than 600 ml. of distillate. It can be seen that no gain in yield was 
achieved by further distillation even though 1600 ml. was collected, neither 
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was there any indication that prolonged distillation will bring about theoretical 
recovery of furfural. 


Conversion of Xylose to Furfural by Steam Distillation 

Removal by steam distillation of furfural formed from xylose in 12% 
hydrochloric acid saturated with sodium chloride was also investigated. 
An easily controlled current of steam from an electric boiler was passed into 
a reaction flask which was kept boiling by an electric cone heater. Twelve 
per cent hydrochloric acid was added to maintain the volume at 125 ml. The 
steam and heating were regulated to give approximately 400 ml. of distillate 
per hour. The amounts of xylose used covered the range of 16 to 222 mgm. 
The results are shown in Table IV. 

TABLE IV 


RECOVERY OF FURFURAL FROM XYLOSE BY STEAM DISTILLATION IN 12% HYDROCHLORIC ACID 
ANALYZED BY EXCESS BROMINE TITRATION METHOD 











Xylose, Theoretical yield Furfural, by Yield of furfural, 
mgm. furfural, mgm. analysis, mgm. 0 

222.2 142.2 128.3 90.2 
166.7 106.7 98.7 92.5 

100.1 64.1 59.8 93.2 

52.0 33.3 30.3 91.0 

32.0 20.5 18.75 91.6 

16.0 10.2 9.5 92.3 














Steam distillation gave a furfural yield of approximately 92% of theoretical. 
However, the extra time required to complete steam distillation offsets the 
slight advantage gained in yield, especially since the conversion is less than 
quantitative. Steam distillation gave more variability of yield than simple 
distillation; the same observation has been made by Jayme and Sarten (15). 
The purpose of steam distillation is to carry off the furfural as soon as it is 
formed to prevent its decomposition. However, the fact that furfural can 
be quantitatively distilled from 12% hydrochloric acid shows it to be fairly 
resistant. It seems more likely that the incomplete yield of furfural from 
xylose involves a deep-seated change in the sugar molecule as suggested by 
Campbell and Smith (4). 

The colorimetric and titration procedures gave almost identical values when 
applied to pure furfural as well as furfural formed from xylose. This observa- 
tion is not in agreement with Duncan (7), who found that the methods gave 
identical results for pure furfural but for some unexplained reason the recovery 
of furfural from xylose as measured by the titration procedure was consistently 
higher. 


Effect of Methylfurfural and Hydroxymethylfurfural 
One of the main difficulties in the determination of furfural from plant 


materials is the unsatisfactory elimination of furfural compounds produced 
during the distillation from methylpentose, hexose sugars, starch, and cellulosic 
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materials. Fig. 1 shows that neither methylfurfural nor hydroxymethyl- 
furfural are measured in the colorimetric determination of furfural. The 
effect of their precursors was measured in terms of furfural by both the 
colorimetric and titration methods. Glucose, fructose, cotton cellulose, and 
rhamnose were distilled under the usual conditions for furfural determination. 
The results given in Table V show that all the substances tested gave a titration 
value and an apparent furfural yield by the titration method, but a negative 
result with the colorimetric method. 


TABLE V 


EFFECT ON APPARENT FURFURAL YIELD OF SUBSTANCES PRODUCING FURFURAL DERIVATIVES 








Apparent furfural yield, mgm. 





Substance distilled 














Colorimetric method Titration method 
Glucose, 0.1094 gm. Nil 3.03 
Fructose, 0.1000 gm. Nil Ke ig 
Cotton cellulose, 0.2410 gm. Nil 3.80 
Rhamnose, 0.1118 gm. Nil 83.0 
Procedure 


A quantity of the substance to be determined, calculated to yield between 
10 to 100 mgm. furfural, is placed in a two-necked round-bottomed 500 ml. 
flask. One hundred milliliters of 12% hydrochloric acid and 20 gm. of sodium 
chloride are added. <A dropping funnel is fitted by interchangeable glass 
joint into one neck of the flask and the other neck is connected by all-glass 
fittings to a condenser. The condenser is connected to a stoppered 1 liter 
Erlenmeyer flask fitted with a Kjeldahl-like trap partially filled with 12% 
hydrochloric acid. Heat is supplied to the reaction flask by an electric cone 
heater with variable rheostat. The heating rate is adjusted to give about 
400 ml. of distillate per hour and the level in the flask is maintained at 100 to 
125 ml. by the continual addition of 12% acid from the dropping funnel. 
The distillation time required for pure pentose is about 13 hr.; plant materials 
require about 2 to 2} hr. The complete removal of furfural is indicated by 
the absence of color in 10 to 15 min. when 1 ml. of distillate neutralized with 
sodium hydroxide is added to 1 ml. of a reagent prepared by mixing 1 ml. of 
fresh aniline, 10 ml. of water, and 9 ml. of glacial acetic acid. Usually, furfural 
formation and distillation are complete after the collection of 1000 ml. of 
distillate. The distillate is diluted to a known volume (usually 2000 ml.). 
Aliquots of 10 ml. are pipetted into 100 ml. volumetric flasks and neutralized 
with dilute sodium hydroxide solution while kept cool and then made to 
volume with water. The aniline acetate reagent is prepared by measuring 
5 ml. of freshly distilled aniline into a 100 ml. volumetric flask and adding 
50 ml. of glacial acetic acid and 10 ml. of 20% sodium chloride solution. 
After thorough mixing, 5 ml. of 5% oxalic acid solution and 5 ml. of 10% 
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disodium phosphate are added. The flask is placed in a water bath at 20°C. 
(+ 0.5°) and after the solution has attained the bath temperature, 5 ml. of the 
diluted furfural distillate is added and the solution diluted to volume (all 
added solutions are previously cooled). The solution is kept in the water 
bath in the dark for 60 to 75 min. and then read in a suitable colorimeter. 
A control containing all the reagents except furfural is prepared simultaneously 
and its transmittance read as 100%. The transmittance readings are trans- 
lated into milligrams of furfural by reference to a calibration graph prepared 
from known amounts of pure furfural. 


The procedure described here is specially adapted to the Beckman spectro- 
photometer model DU, but any photoelectric colorimeter with suitable filters 
could be used. 


Application of the Method 


The method as outlined was used to determine the furfural yield from a 
variety of plant materials. These included wheat straw (samples from two 
different crop years), wheat bran, ‘Beewing’ wheat bran, corn cobs, oat hulls, 
milkweed pod hulls, sunflower seed hulls, soya beam hulls, flax shives, peat 
moss (two samples, one from British Columbia, one from New Brunswick) 
and sphagnum moss. The materials were air-dried; ground in a Wiley mill 
and the portion that passed 40 mesh and was retained on 60 mesh used for 
analysis. ‘In accordance with directions given for preparing wood for pentosan 
determination, the materials were extracted successively with an alcohol— 
benzene mixture and hot water (23). To prevent the dry materials from 
floating and creeping on the sides of the reaction flask, they were alternately 
subjected to reduced and to atmospheric pressure immediately before heating. 
If the material contained between 10 and 25% furfural, about 0.5 gm. was 
sufficient for the determination. Distillations were done in duplicate and 
each distillate was analyzed in duplicate by the colorimetric and titrimetric 
methods. The results calculated on the basis of original dry materials are 
given in Table VI. 

The titration method gave consistently higher results than the colorimetric 
method. Since it has been shown that both methods gave the same result 
with pure furfural, it is clear that the titration procedure measures such sub- 
stances as methylfurfural, hydroxymethylfurfural, and other volatile aldehydes 
oxidizable by bromine. Unléss there are other aldehydes besides furfural 
that give a colored compound with aniline acetate having maximum absorption 
at 5180 A, the colorimetric method is capable of giving an accurate estimation 
of furfural from plant materials. 


The results also give a comparison of the potential value of some plant 
materials as a source of furfural. It is interesting to note that ‘Beewing’ 
bran is superior to corn cobs and oat hulls, the usual sources of commercial 
furfural. Peats, which were in various states of decomposition, gave low 
furfural yields and there was considerably more difference between the results 
by the two methods of analysis than with the other plant materials. 
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TABLE VI 


FURFURAL YIELD FROM PLANT MATERIALS, OVEN DRY BASIS, AS DETERMINED BY 
COLORIMETRIC AND TITRATION METHODS 














Furfural, % 

Material Cc : : . 

olorimetric Titration 

method method 
‘Beewing’ bran* 31.2 33.0 
Corn cobs 24.9 27.1 
Oat hulls 22.1 35..5 
Wheat straw (crop I) 17.6 19.6 
Wheat bran bi 18.9 
Sunflower seed hulls : 16.8 19.0 
Wheat straw (crop II) 16.0 17.6 
Flax shives 14.0 16.4 
Milkweed pod hulls 9.8 3.3 
Soya bean hulls 6.7 8.1 
Peat (source, New Brunswick) 6.7 13.7 
Sphagnum moss 3.3 9.4 
Peat (source, British Columbia) 4.3 9.1 











*A wheat bran product made by the patented Earle process and supplied for 
this work by the Continental Baking Co., Kansas City, Mo. 
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HOLOCELLULOSES FROM STRAWS! 


By G. A. ADAMS AND A. E. CASTAGNE 


Abstract 


Holocelluloses have been prepared in substantially quantitative yields from 
extractive-free straws of wheat, oats, barley, rye, and flax by acid chlorite 
treatments. Estimation of the pentosan, uronic acid anhydride, Cross and 
Bevan cellulose, and acetyl contents of the recovered holocelluloses showed that 
little loss of carbohydrate material had occurred during isolation. Lignin con- 
tents of the holocelluloses from the various straws varied between 2.5 and 3.5%. 
Extension of the chlorite treatments beyond the number required to isolate 
the holocellulose resulted in only minor diminution of lignin but caused 
considerable loss of carbohydrate material. Mild delignifying treatments of 
crude holocellulose with hypochlorite (acid and neutral), hypochlorite and 
sulphite extraction, bromine, and alcoholic ethanolamine had effects similar to 
those of acid chlorite. The major portion of protein in the straws was removed 
by acid chlorite. The isolated holocellulose contained more ash than the 
original straws. 


Introduction 


The holocellulose fraction of extractive-free woods and nonwoody plant 
materials comprises the entire polysaccharide content of the cell wall. The 
original separation of this fraction was made in 1931 by Schmidt and Grau- 
mann (12) who quantitatively delignified wood with chlorine dioxide and 
sodium sulphite solution. Over a period of 10 years, certain undesirable 
features of the procedure were eliminated and Schmidt et al. (13) finally 
developed a chlorine dioxide treatment in an aqueous buffered pyridine 
medium which removed lignin without having hydrolytic action on the carbo- 
hydrates. Ritter and Kurth (9) reduced the time requirements for isolation 
of holocellulose by repeated alternate treatments of wood with chlorine and 
a solution of pyridine in ethanol. Further improvements by Van Beckum 
and Ritter (20) included removal of chlorolignin with alcoholic ethanolamine 
solution. This procedure has been accepted as a tentative standard for 
wood holocellulose preparation (16). Lovell (7) has pointed out that chlorina- 
tion methods are useful as analytical procedures but are unsuitable for prepara- 
tion of large samples of fibrous holocellulose. A new technique based on 
delignification by acid chlorite was developed by Jayme (6) and applied to 
both hard and soft woods. The original procedure has been studied by 
Wise et al. (21, 22) who have greatly extended the applicability of the method 
by reducing the time requirements and simplifying the techniques. Unlike 
the chlorination methods, the chlorite procedure can be used for preparing 
large samples of holocellulose. Sohn and Reiff (15) have prepared sufficient 
rye straw holocellulose by the chlorite method for paper making tests. Sohn 
(14) reports that the method is suitable for holocellulose preparation from 
annual plants but should be combined with pre- or aftertreatment with alkali. 
Holocellulose has been prepared from Kentucky blue grass, corncobs, oat 


1 Manuscript received October 9, 1947. 


Contribution from the Division of Applied Biology, National Research Laboratories, 
Ottawa. Issued as Paper No. 58 on Industrial Wastes and Surpluses, and as N.R.C. No. 1726. 














326 CANADIAN JOURNAL OF RESEARCH. VOL. 26, SEC. B. 


straw, timothy hay, and corn stalks by Bennett (2) using Wise’s procedure. 
Retention of all the furfural-yielding constituents of the original material in 
the isolated holocelluloses indicated preservation of the hemicellulose fraction. 
Schenck and Kurth (11) described the preparation of a large batch of holo- 
cellulose from wheat straw by an adaptation of the standard analytical proce- 
dure using chlorination and ethanolamine extraction. Quantitative isolation 
of holocellulose from extracted rye straw has been reported by Zherebov 
and Paleev (23) who used the Ritter and Kurth procedure. 


While several detailed studies on wood holocellulose have been made, 
there has been no comparable investigation of straw holocellulose using the 
acid chlorite method of isolation. The purpose of the present work was to 
study the preparation of the holocellulose fractions from a number of common 
straws by acid chlorite and to establish by analysis the composition of the 
fractions and purity. 

Materials and Methods 


Bright, clean, mature straws of wheat, oats, barley, rye, and seed flax were 
used. Since the samples had been harvested by hand from experimental plots 
they included heads and, in some straws, the roots also. These were removed 
but the leaves were included with the stems. The materials were passed 
through a Wiley mill and then sized on a Ro-tap screener. The fraction 
passing a 40 mesh screen and retained on 60 mesh was used in subsequent 
preparations. The straw was extracted with a 1 : 2 alcohol—benzene solution 
and hot water by the standard TAPPI procedure as applied to wood (17). 
The extracted straw was analyzed for moisture by drying to constant weight 
at 100°C. Lignin was determined by the 72% sulphuric acid method 
described by Ritter, Seborg, and Mitchell (10); Cross and Bevan cellulose by 
the method of Norman and Jenkins (8); uronic acid anhydride by the proce- 
dure of Dickson, Otterson, and Link (4). (Uronic acids have been uniformly 
reported in the literature as uronic acid anhydride.) Pentosan was deter- 
mined photocolorimetrically as furfural after distillation from 12% hydro- 
chloric acid (1). Protein was calculated as nitrogen X 6.25, nitrogen being 
determined by the Kjeldahl procedure. The acetyl content’ was determined 
by alkali saponification, followed by steam distillation and titration of the 
acetic acid (3). The theoretical yield of holocellulose was estimated by 
subtracting from 100 the sum of the lignin (ash free), protein, and ash contents 
of the extracted straw. The yield of holocellulose from each straw was 
calculated on a moisture-, lignin-, ash-, and protein-free basis. 


Experimental Procedures and Results 


Determination of Holocellulose 


Holocellulose was determined according to the method of Wise ef al. (22). 
Two grams of extracted straw was weighed into a 400 ml. tall-form beaker 
and 100 ml. of water added. The beaker and contents were placed in a hot 
5° C. (+ 0.5) since previous experiments had shown that 


_ 


water bath held at 7 
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constant temperature was necessary for reproducible results. When the 
mixture had reached the proper temperature, 0.12 ml. glacial acetic acid and 
1.5 gm. sodium chlorite (in that order) were added with stirring. The 
beaker was covered with a watch glass and stirred occasionally. At the end 
of one hour, the same amounts of reagents were again added and the heating 
continued. The treatment was repeated at the end of each hour until a 
theoretical yield of holocellulose had been obtained. Three to four treat- 
ments were sufficient for most straws. The holocellulose fraction was filtered 
by suction through a sintered glass crucible (M porosity), washed repeatedly 
with water, and then acetone, and dried to constant weight in a vacuum oven 
at 100°C. If the holocellulose were to be analyzed for constituents it was 
preferable to dry in air only. The final material was white and retained the 
fibrous character of the original straw. The actual and theoretical yields of 
holocellulose from the various straws are given in Table I. 


TABLE I 
YIELDS OF HOLOCELLULOSE FROM VARIOUS EXTRACTIVE-FREE STRAWS 


(Basis: moisture-, ash-, lignin-, and protein-free) 

















No. of Actual yield of | Theoretical yield 
' Straw chlorite holocellulose, of holocellulose 
treatments % of straw % straw 

Wheat 3 76.1 76.0 
Oats 3 76.6 76.5 
Flax 5 71.8 73.7 
Barley 3 78.1 77.8 
Rye 4 ie 77.0 














Approximately theoretical yields of holocellulose were obtained from all 
straws by the appropriate number of chlorite treatments. Wheat, oats, and 
barley required three treatments, rye required four, and flax required five treat- 
ments. The yield of flax holocellulose is somewhat low but it was found that 
fewer than five treatments resulted in a lignin content of 4 to 5%. Even 
after five treatments the lignin content was 3.5%. The lignin contents of the 
other holocelluloses were approximately 2.5%. 


Reproducibility of Holocellulose Yields 

Since three one-hour treatments were found to be adequate for a theoretical 
yield of wheat straw holocellulose, it was necessary to show that such yields 
could be obtained consistently and also that similar results were obtainable 
by application of the method to large batch preparations. Variations in 
technique as applied to relatively large quantities of straw (70 gm.) included 
mechanical stirring during the delignification step and recovery and washing 
of the isolated holocellulose in a perforated centrifuge bowl lined with fine 
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filter cloth. The data given in Table II were obtained on 2-gm. and 70-gm. 
samples of wheat straw. Satisfactory agreement is shown between the 
yields of holocellulose obtained. 

TABLE II 


REPRODUCIBILITY OF HOLOCELLULOSE YIELDS FROM 2-GM. AND 70-GM. SAMPLES OF EXTRACTED 
STRAW CONTAINING 76.06% HOLOCELLULOSE 


(Basis: moisture-, ash-, lignin-, and protein-free) 











Wt. of Yield of Deviation 
sample, holocellulose, from theoretical 
gm. % of straw yield, % 

2 76.0 0.0 
2 76.0 0.0 
2 76.2 +0.1 
2 76.0 —0.1 
70 1.5 —0.6 
70 73.5 —0.5 











Effect of Prolonged Chlorite Treatments 

The criterion used for satisfactory holocellulose preparation was a theoretical 
vield of the material. The results given in Table I show that holocelluloses 
from various straws could be isolated in three to five one-hour treatments. 
However, the products still retained 2.5 to 3.5% lignin. Chlorine dioxide 
has been reported to be very mild in its action on hemicelluloses (5) and it 
seemed likely that further chlorite treatments should have little deleterious 
effect on the holocellulose while removing additional lignin. 


A series of one to nine treatments on 2-gm. samples of extracted wheat 
straw with acid chlorite were carried out by the method previousiy described. 
In Fig. 1, A, are shown the ash, protein and lignin of the crude holocellulose 
isolated after each treatment. Fig. 1, B, shows the yields of holocellulose 
corrected for ash, protein- and ash-free lignin. The ash-free lignin contents 
of the various holocellulose fractions are also given. The ash content 
of the extracted straw was 2.30%; the effect of nine chlorite treatments 
was to bring about an increase to approximately 2.80%, which repre- 
sented a real' gain in spite of the fact that the holocellulose was only 75% of 
the straw. The protein content of the straw was rapidly reduced during the 
first three treatments but decreased slowly thereafter to a final value of 
0.25%. The average protein content of wheat straw holocellulose as usually 
prepared was less than 0.40% and may be neglected except in highly accurate 
work. The lignin content of the straw was reduced by one chlorite treatment 
from 20.53 to 5.7% and two more treatments yielded a holocellulose with a 
lignin content of 2.89%. Further reduction became slower and very prolonged 
treatments of seven, eight, and nine hours brought about a slight increase in 
the apparent lignin content. The explanation of the increase can be seen by 
reference to the ash-free lignin values in Fig. 1, B, which show that it was due 
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to progressive increase in ash on prolonged chlorite treatment. The results 
also show that there was a tenaciously held residual lignin in holocellulose 
which was not reduced by acid chlorite. Norman and Jenkins (8) have 
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B. Yields of holocellulose obtained from wheat straw by successive acid chlorite treatments 
and ash-free lignin contents of the isolated holocellulose fractions (basis: oven-dry, extractive- 
free straw). 


reported previously the presence of this residual lignin associated with the 
cellulose of cereal straws. Wise et al. (22) and Jayme (6) have opposed the 
removal of this lignin fraction, claiming that such treatment results in a 
simultaneous loss of carbohydrate material. It is clear from the results 
shown in Fig. 1, B, that repeated chlorite treatments were incapable of total 
removal of residual lignin. Repeated delignification treatments brought 
about a progressive and rapid reduction in carbohydrate material and extension 
of the treatments beyond three gave less than the theoretical yield of wheat 
straw holocellulose. Beyond seven treatments the yield of ‘holocellulose’ 
became less that the Cross and Bevan cellulose yield for the same straw, 
indicating that a portion of the cellulose had also been removed. 
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pH of Acid Chlorite Digestion Solutions 

Changes in pH were measured during nine delignification treatments of 
wheat straw with acid chlorite. Measurements were made by glass electrode 
before and after the addition of each new lot of reagents. The results given 
in Table III show a marked trend toward decreasing acidity as the experiment 
progressed in spite of the buffering action of sodium acetate. The solution 


TABLE III 


PH CHANGES DURING DELIGNIFICATION OF A SINGLE 2-GM. SAMPLE OF 
WHEAT STRAW IN A SOLUTION HELD AT 75° C. 














Serial additions, each PH of the solution 
consisting of 1.5 gm. 
sodium chlorite and Immediately after After digesting 
10 drops acetic acid addition of reagents for one hour 
1 4.19 4.49 
2 4.31 2. ae 
3 4.71 5.68 
4 5.05 5.80 
5 5.19 6.12 
6 5.32 6.38 
7 5.50 6.60 
8 5.52 6.58 
9 5.60 6.60 











had an original pH of about 4.2, rising to 4.5 in one hour, and to 6.6 after 
nine treatments. Chlorine dioxide becomes less effective as an oxidizing 
agent at high pH levels (18) and less effective delignification could be expected 
as the pH increased from 4.2. However, the advantage gained in lignin 
removal might be lost by an increasing destruction of holocellulose if the pH 
were maintained at a constant level of 4.2. It is apparent from Fig. 1, B, 
that considerable holocellulose was lost under the conditions of the experiment. 


Removal of Residual Lignin from Holocellulose 

Typical samples of wheat holocellulose contained lignin in excess of 2.5% 
as their mainimpurity. It seemed desirable to test delignifying reagents other 
than acid chlorite in an attempt to reduce this amount, and at the same time 
to avoid any loss or degradation of the holocellulose. 


The reagents tested for removal of residual lignin were hypochlorite and 
sodium sulphite, bromine, and alcoholic ethanolamine. Relatively mild 
treatments were used to avoid deleterious effects on the holocellulose. Two- 
gram samples of a wheat holocellulose were prepared by three acid chlorite 
treatments, filtered, washed, and suspended in 100 ml. of water, except for 
the ethanolamine treatment in which 100 ml. of ethanol was used. These 
holocellulose preparations were then treated with the various delignifying 
reagents. A brief résumé of the treatments and their effects is given in 


Table IV. 
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TABLE IV 


EFFECT OF VARIOUS DELIGNIFICATION TREATMENTS ON WHEAT HOLOCELLULOSE PREPARED BY 
ACID CHLORITE METHOD 











Treat- Holocellulose,|Holocellulose,| Lignin in 
ment Treatment % of % of theore- | holocellulose, 
No. straw tical yield % 
1 Control 78.5 101.7 2.69 


2 No. 1 plus 5 ml. neutral sodium hypo- 
chlorite (3% available chlorine)—10 
min. 78.0 101.0 2.24 


3 No. 2 plus 10 ml. glacial acetic acid— 
10 min. 76.3 99.0 1.97 


4 |*No. 2 followed by extraction with 100 ml. 
6% sodium sulphite for 20 min. at room 


temp. 74.1 96.1 1.81 
5 |*No. 3 followed by extraction as in No. 4. 73.5 95.4 1.85 

6 |fNo. 1 plus 5 ml. saturated bromine water 
_ —20 min. 78.4 101.6 2.69 

7 |tNo. 6 plus 10 drops glacial acetic acid— 
20 min. 77.9 100.9 2.70 

8 |fNo.°1 plus 10 ml. saturated bromine 
water—20 min. 77.8 100.8 2.56 

9 |fNo. 8 plus 10 drops glacial acetic acid— 
—20 min. 77.6 100.6 2.45 

10 No. 1 plus 100 ml. ethanol + 3 ml. 
ethanolamine—stand 20 min. at 25° C. yh 100.5 2.61 

11 No. 1 plus 100 ml. ethanol + 3 ml. 
ethanolamine—stand 20 min. at 75° C. 13:3 95.2 2.37 

















* Residue was filtered and washed before sulphite extraction. 
t Unused bromine was removed with sodium thiosulphate. 


Neutral hypochlorite reduced the lignin appreciably without having any 
serious effect on the yield of holocellulose but acid hypochlorite, while giving 
a further substantial reduction in lignin, was slightly destructive towards 
holocellulose. Both neutral and acid hypochlorite treatments followed by 
sulphite extraction were harmful to the holocellulose without giving any 
marked reduction in lignin. Various quantities of saturated bromine water 
either with or without acidification had little effect on either holocellulose or 
lignin. Alcoholic ethanolamine in the quantities used was a weak delignifying 
agent. Removal of residual lignin was not feasible since it led to loss of 
holocellulose. It was preferable to leave the small amount of lignin in the 
holocellulose and make corrections for it. Jayme (6) and Wise ef al. (22) 
came to the same conclusion with regard to wood holocellulose prepared by 
the chlorite method. 
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Isolation and Analysis of Holocellulose from Various Straws 

The procedure used on wheat straw (Table II) was applied to 70-gm. lots 
of oats, barley, rye, and flax extracted straws. Rye and flax straws required 
four and five treatments respectively while three were sufficient for the others. 
The extracted straws and the prepared holocelluloses were both analyzed for 
lignin, ash, protein, pentosan, uronic acid anhydride, Cross and Bevan cellu- 
lose, and acetyl content. Since the holocelluloses had been determined in 
terms of dry extracted straw, the components of both could be presented on a 
common basis to facilitate comparison. This has been done in Table V. 


TABLE V 
ANALYSES OF STRAWS AND THEIR HOLOCELLULOSE FRACTIONS 


(Basis: oven-dry extracted straw) 














Analyses Materials Wheat Oats Flax Barley Rye 
Yield Holocellulose 75.5 79.5 5 5 80.4 76.5 
Lignin, ash free, % Straw 19.53 19.24 21.60 17.49 19.42 
Holocellulose 1.28 1.49 es 1.3d 0.90 
Protein, % Straw 2.30 2.62 2.47 2.86 2.79 
Holocellulose .30 .36 .29 .38 oh 
Ash, % Straw 2.76 1.55 0.79 1.45 0.79 
Holocellulose 2.97 2.32 2.30 1.79 1.31 
Pentosan, % Straw 23.4 23.6 17.9 26.2 23.4 
Holocellulose 21.8 22.5 1a.7 25.6 20.2 
Uronic acid Straw 4.16 4.98 7.98 5.32 4.24 
anhydride, % Holocellulose 4.08 4.68 5.40 5.12 3.95 
Cross & Bevan Straw 63.0 66.3 60.7 65.1 66.4 
cellulose, % Holocellulose 62.8 64.2 58.0 63.3 64.0 
Acetyl, % Straw 2.82 2.40 5.00 2.24 3.09 
Holocellulose 2.35 2.45 5.23 2.33 2.60 




















The yields of holocellulose as prepared in large batches were not quite as 
close to the theoretical yields as were the small batches. Wheat, flax, and rye 
yielded less than the calculated amounts, while oats and barley gave slightly 
more. The significance of the greater-than-theoretical yield is difficult to 
explain; perhaps the analytical methods are inadequate or some unaccounted- 
for constituent was present in the isolated holocellulose. It is not uncommon 
to find summative analyses of wood exceeding 100 by 1 to 2% (22). 

As pointed out before, there was a considerable residue of tenaciously held 
lignin left in the holocellulose which was impossible to remove without dam- 
aging the carbohydrate fraction. Flax straw, even after five chlorite treat- 
ments, contained 3.5% ash-free lignin and the chlorite treatments required to 
reach this figure result in a slight loss of holocellulose. The resistant character 
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of flax lignin was further indicated by the large number of chlorination 
treatments required to remove it in the preparation of Cross and Bevan 
cellulose. Acid chlorite readily removed about 85% of the proteins from 
most straws. This reduction was considerably greater than that reported 
by Bennett (2) who found 30 to 50% of the original nitrogen still in holo- 
celluloses isolated from nonwoody plant materials by acid chlorite. The 
holocellulose fractions all contained more ash than the original straw. Appar- 
ently some binding of salts took place since prolonged careful washing of the 
holocellulose failed to reduce its ash content. The extracted straws contained 
considerably less ash than the unextracted material, especially rye and flax. 
A low ash content in rye straw extracted with alcohol—benzene and hot water 
has also been found by Zherebov and Paleev (23). 


The pentosan contents of the various holocelluloses when calculated on the 
basis of extracted straw were all slightly low in spite of almost theoretical 
recoveries of holocellulose. The losses, which are difficult to explain, have 
been found also by Schenck and Kurth (11) on wheat holocellulose and by 
Thomas (19) on wood holocellulose. 


Uronic acid anhydride, which represents the polyuronide fraction of the 
hemicelluloses, was preserved in the holocellulose fraction of oats, wheat, and 
barley straw, but was slightly low in rye and considerably reduced in flax 
holocellulose. Since the last two straws were given more extensive chlorite 
treatments, it was not surprising that the most easily hydrolyzable fraction 
of the holocellulose was partially removed. 

The Cross and Bevan cellulose of the original straws was present with only 
slight reductions in the corresponding holocellulose fractions. The losses 
were due to the rather drastic action of the chlorination step on isolated 
holocellulose as compared with straw. To remove the last trace of lignin 
from the cellulose fractions, two or three acid hyphochlorite treatments 
followed by sulphite extraction were necessary. 


Acetyl groups have been shown to be associated wholly with the carbo- 
hydrate fraction of wood (5) and should therefore be completely preserved 
in the holocellulose fraction. Schenck and Kurth (11) found the total acetyl 
content of wheat straw to be present in the isolated holocellulose. In the’ 
present investigations, the acetyl contents of the wheat, oats, barley, and flax 
straws were accounted for in their holocelluloses, showing that the acetyl 
groups are associated wholly with the carbohydrate fraction of these straws. 
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PRODUCTION AND PROPERTIES OF 2,3-BUTANEDIOL 


XXV. DISSIMILATION OF GLUCOSE BY BACTERIA OF THE GENUS 
SERRATIA! 


By A. C. Netsu, A. C. BLacKwoop, FLORENCE M. ROBERTSON 
AND G. A. LEDINGHAM 


Abstract 


The genus Serratia may be divided into three groups on the basis of three 
characteristic fermentations found under anaerobic conditions. The first group, 
comprised of all strains of S. marcescens, S. anolium, and S. indica tested and 
one strain named S. kielensis, dissimilates glucose as follows: CsH:2.0s—>- 
CH;CHOHCHOHCH; + HCOOH + CO.. The second group, containing 
S. plymouthensis and some unnamed strains, dissimilates glucose according 
to the equation: CsHi:.0s—> CH;CHOHCHOHCH; + 2CO, + Hz. The 
third group containing only the most typical strain of S. kielensis carries out 
the reaction: CsH».Os + 2H,0— > 2CH;COOH + 2CO, + 4H:. These 
reactions account for approximately one-half of the glucose utilized, the remain- 
der being accounted for chiefly by the ethanol and lactic acid fermentations which 
are found in varying proportions with different strains. All strains form some 
succinic acid, probably by carbon dioxide fixation. Under aerobic condi- 
tions carbon dioxide formation is stimulated, chiefly at the expense of formic acid 
with organisms of the first group, while hy drogen formation by organisms of the 
second and third groups is depressed: 


Introduction 


Pedersen and Breed (8) have made the only previous detailed study on the 
dissimilation of glucose by organisms of the genus Serratia. They determined 
the fermentation products formed by two cultures of Serratia marcescens, two 
cultures of S. indica, one strain of S. kielensis, and an unnamed strain which is 
probably best classified as S. plymouthensis. The fermentations were carried 
out under mildly aerobic conditions. The products obtained with S. mar- 
cescens were: acetic, formic, succinic, and Jevo-lactic acids, ethanol, acetoin, 
2,3-butanediol, carbon dioxide and a small amount of hydrogen. The cultures 
of S. indica gave the same products except that no hydrogen was formed, 
while S. plymouthensis gave the same products with large amounts of hydrogen. 
S. kielensis gave relatively large amounts of acetic acid, racemic-lactic acid, 
and hydrogen, but only traces of 2,3-butanediol and acetoin. 

Recently in these laboratories (7) S. marcescens was studied under anaerobic 
conditions and it was found, with all four strains used, that 40 to 60% of the 
glucose was dissimilated according to the equation: 


CsHi2.0s —> CH; CHOHCHOHCH; + HCOOH + CO. 


Under aerobic conditions little formic acid was produced and this reaction 
became CsHi20¢ oo 40.—> CH;CHOHCHOHCH; a 2COz + H,0. The 
remainder of the glucose was dissimilated to lactic acid (5 to 25%), 


1 Manuscript received October 15, 1947. 


Contribution from the Division of Applied Biology, National Research Laboratories, 
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ethanol (10 to 20%), glycerol (1 to 4%), and succinic acid (2 to 12%). The 
lactic acid was about 95% levo-isomer and the 2,3-butanediol 98% meso. 

In the present paper, material balances for the dissimilation of glucose by 
all available species of this genus under both aerobic and anaerobic conditions 
are given. Characteristic reactions are shown to occur under anaerobic 
conditions that can be used as a basis for dividing the genus into three groups. 
The 13 strains studied include the species: S. marcescens, S. kielensis, S. indica, 
S. anolium, and S. plymouthensis; strains of the only other species listed, 
S. piscatora (2), are not available. Three of the strains were identical with 
those used by Pedersen and Breed (8). 


Experimental 
Cultures 

The 13 cultures used in this work were: 

S4 and S19. These are strains of S. anolium. S4 was secured from the 
American Type Culture Collection (number 6065). S19 is from the same 
original source but was obtained from the collection of the University of 
British Columbia (Prof. B. Eagles). 

S5 and S17.—Strains of S. plymouthensis. S5 is A.T.C.C. strain number 
183 while S17 is from the same original source but was obtained from the 
University of British Columbia where it had been obtained from Dr. R. S. 
Breed. This organism originally came from the Kral collection. 

S16 and S18.—Strains of S. marcescens obtained from the University of 
British Columbia where they are designated as Serratia F.V. and G.V.W.B.:, 
respectively. 

S20.—Strain of S. marcescens, number 274 of the A.T.C.C., obtained from 
the University of British Columbia. 

S21.—Strain of S. kielensis, number 6889 of the A.T.C.C., obtained from 
the University of British Columbia. 

S22.—Strain obtained from Dr. R. S. Breed; this is from culture K8 of the 
Kral collection. 

S23.—Strain of S. kielensis obtained from Dr. R. S. Breed and stated by 
him* to be the most typical strain of this species. It is from culture K6 of 
the Kral collection. 

S24.—Strain of S. indica obtained from Dr. Breed and labelled CU37 in 
his collection. 

S25 and S26.—These strains were also obtained from Dr. Breed. S25 is 
designated HB in his collection. This organism was isolated by A. Gryns, 
November 29, 1923, from canal water at the Agricultural College in Wagenin- 
gen, Holland. S26 is number 261 in Breed’s collection. They are best 
classified as strains of S. plymouthensis. 


* Private communication. 
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We were unable to obtain any strains of S. piscatora; with this exception 
the above strains cover all the species of this genus mentioned in the fifth 
edition of Bergey’s Manual (2). 


Procedures for Studying Dissimilation of Glucose 


The inoculum was incubated overnight at 30°C. in 10 ml. of medium 
containing glucose (1%) and yeast extract (0.5%). This was used to inoculate 
150 ml. of a synthetic medium containing glucose (5%), ammonium chloride 
(0.25%), potassium dihydrogen phosphate (0.05%), potassium monohydrogen 
phosphate (0.05%), and magnesium sulphate (0.02%). In preparing this 
medium the glucose and salts were autoclaved separately. After inoculation, 
2 to 3 gm. of calcium carbonate, sterilized by dry heat and weighed accurately, 
was added to buffer the medium. The fermentations were conducted and the 
solutions analyzed by the same methods as used previously (3, 6). The 
cultures were incubated at 30°C. either under anaerobic conditions main- 
tained by bubbling a stream of oxygen-free nitrogen through the medium or 
under aerobic conditions maintained by a stream of carbon dioxide-free air. 
The carbon assimilated was determined on the zinc hydroxide precipitate 
obtained in clearing the cultures. This precipitate was washed three times 
with distilled water in a centrifuge, dried on a steam bath and then at 110° C., 
weighed, and the carbon content determined by dry combustion. Presumably 
it represents the carbon built into the bodies of the organisms. This rather 
laborious determination was done only on enough cultures to obtain some 
idea of the magnitude of the amounts of carbon fixed in this way. 


Results and Discussion 


Tables I, II, III, and IV, which are largely self-explanatory, show the prod- 
ucts of glucose dissimilation given by the 13 strains under both aerobic and 
anaerobic conditions. These strains can be separated into two groups on the 
basis of hydrogen production. Tables I and II show the products given by 
those producing little or no hydrogen while the results obtained with the 
‘hydrogen-producers’ are in Tables III and IV. 


The strains producing little or no hydrogen give similar dissimilation 
balances, although there is some variation, particularly in the yields of succinic, 
acetic, and lactic acids. They are characterized by the production of 2,3- 
butanediol and formic acid in high yields, the chief reaction in the anaerobic 
dissimilation (Table I) of glucose being: 


C.s5H120, —> CH; CHOHCHOHCH; + HCOOH + COs. 
However under aerobic conditions carbon dioxide formation is stimulated at 
the expense of formic acid (see Table II) so the main reaction becomes: 
CsH 1206+ 402 —> CH;CHOHCHOHCH; + 2CO, + H;0. 
This type of metabolism is also characteristic of the four strains of S. marcescens 


studied previously (7). The species found in this group are S. marcescens, 
S. anolium, and S. indica. While these give very similar fermentations under 
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TABLE I 


ANAEROBIC DISSIMILATION OF GLUCOSE BY STRAINS OF Serratia FORMING LITTLE OR NO HYDROGEN 


(The bacteria were grown in 150 ml. of medium in a one-liter Erlenmeyer flask at 30° C. 
Anaerobic conditions were maintained by continuous passage of oxygen-free 
nitrogen through the solution.) 








Strain number 
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TABLE II 


AEROBIC DISSIMILATION OF GLUCOSE BY STRAINS OF Serratia FORMING LITTLE OR NO HYDROGEN 


(The bacteria were grown in 150 ml. of medium in a one-liter Erlenmeyer flask at 30° C. 
A current of carbon dioxide-free air was bubbled continuously through the solution 
at the rate of 80 to 100 ml. per hour) 








Strain number 


Products S4 | S16 | S18 | S19 | $20 S21 | S24 
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anaerobic conditions, S. indica has greater oxidizing power, as shown by the 
large amount of carbon dioxide formed when air is present. Strain S21, also 
found in this group, is A.T.C.C. strain number 6889, named S. kielensis. It is 
fairly certain, from what follows, that this strain is incorrectly named. 


TABLE III 
ANAEROBIC DISSIMILATION OF GLUCOSE BY HYDROGEN-PRODUCING STRAINS OF Serratia 
(The bacteria were grown in 150 ml. of medium in a one-liter Erlenmeyer flask at 30° C. 


Anaerobic conditions were maintained by continuous passage of oxygen-free 
nitrogen through the solution) 
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The hydrogen-producing strains can be divided into two groups on the 
basis of the fermentation linked with hydrogen production (Table III). One 
group produces hydrogen by the reaction: 


CsH120s —> CH; CHOHCHOHCH; + 2CO: + H:, 
first discovered with Aerobacter aerogenes (5) while the other produces it by 
the same reaction as Escherichia coli (4), i.e.: 

CsHwO. + 2Hx2O— > 2CH;COOH + 2CO, + 4H, 


Oxygen has the effect of depressing hydrogen formation by all these strains, 
presumably by oxidation to water (Tables III and IV). The first group 
contains all strains of S. plymouthensis and unnamed strains which are best 
classified in this species. The second group is comprised of only one strain, 
S23, which is believed by Dr. R. S. Breed to be the most typical strain of 
S. kielensis. ; 


In addition to carrying out different reactions these three groups of bacteria 
differ in their response to changes in oxygen tension. Thus the S. marcescens 
group dissimilates glucose more rapidly under aerobic conditions than in the 
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TABLE IV 
AEROBIC DISSIMILATION OF GLUCOSE BY HYDROGEN-PRODUCING STRAINS OF Serratia 


(The bacteria were grown in 150 ml. of medium in a one-liter Erlenmeyer flask at 30° C. 
A current of carbon dioxide-free air was bubbled continuously through the 
solution at the rate of 80 to 100 ml. per hour) 



































Strain number 
Product Ss Si7_ | S22 | S23 | S25 | S26 

mM. of products per 100 mM. of glucose dissimilated 
2,3-Butanediol 30.3 52.3 55.6 | 0.56 52.0 48.0 
Acetoin 7.10 2.27 | 3.10 | 0.35 8.16 7.45 
Glycerol 3.59 0.67 | 1.13 | L.oe ie 0.98 
Ethanol 19.50 36.5 | 37.0 9.90 ace x9 ie | 
Lactic acid 55.60 19.6 | 12.3 | 64.6 9.50 17.6 
Formic acid 1.15 3.56 6.66 | 0.47 4.90 1.82 
Acetic acid 13.80 4.21 | 2.338, 44.1 3.90 5.82 
Succinic acid 6.16 5.49 | 4.41 | 0.27 6.42 6.42 
Carbon dioxide 126.9 159.1 | 153.0 197.9 161.5 163.9 
Hydrogen 12.4 18.6 24.5 Wy Be | 21.6 14.8 
Carbon assimilated oo 43.3. | 43.3 — 54.5 47.5 
Fermentation time, days 7 | 4 | 5 19 5 4 
Glucose fermented, % 99.9 100.0 | 100.0 100.0 100.0 100.0 
Carbon accounted for, % 91.7 98.0 | 96.2 | 85.0 99.4 98.0 

















absence of oxygen, while the reverse is true of the coli-like strain of S. kielensis. 
On the other hand the rate of fermentation by organisms of the S. plymouthensis 
group is not very sensitive to changes in the concentration of oxygen in the 
medium. 

Samples of 2,3-butanediol were isolated from three strains using the methods 
previously described (3, 6). These organisms form chiefly the meso-isomer 
(Table V), but also smaller amounts of the dextro- or levo-isomers. S. ply- 


TABLE V 


PROPERTIES OF 2,3-BUTANEDIOL PRODUCED BY Serratia STRAINS 











. : 35 Refractive index Boiling point, 
Strain number | {alB at 25°C. oC. 
| 
| 
S5 —0.18 1.4328 180 — 181 
S19 | +0.03 1.4343 179 — 182 
$21 | —0.08 1.4350 177 — 182 











mouthensis (strain S5) is the first organism of the Enterobacteriaceae found to 
give a /evo-rotatory 2,3-butanediol. This, and the pigmentation, serve to 
distinguish it from all strains of Aerobacter aerogenes examined so far. S. anolium 
(Strain S19) produces a meso-diol containing traces of the dextro-isomer, as was 
previously found (7) for two strains of S. marcescens. At first it appeared as 
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though the sign of rotation of the diol might be a further distinction between 
the marcescens and plymouthensis groups. However, Strain $21, which is best 
classified as S. marcescens, also produces some levo-diol. Judging from the 
low refractive index of the 2,3-butanediol produced by strain S5, it may be a 
mixture of dextro,- levo- and meso-isomers. 

The inclusion of the genus Serratia in the Enterobacteriaceae (2) is very 
sound from the point of view of similarities in glucose dissimilation. It shows 
the relation between E. coli and S. kielensis as well as the relation between 
A. aerogenes and S. plymouthensis. In each case one may be regarded as a 
pigmented strain of the other if the products formed from glucose are taken 
as the criterion. The suggestion has been made that S. anolium should be 
transferred to the genus Pseudomonas because its pigment is water soluble (11). 
However its close relationship to S. marcescens is shown in the present work and 
it would be a mistake to change it to another genus unless its pigment is shown 
to be fundamentally different in chemical structure from that of other members 
of the genus Serratia. Schreiner and Snow (9) have observed a change in a 
stock culture of S. marcescens which resulted in formation of a strain giving a 
water soluble pigment. This indicates that the solubility of the pigment is 
an unstable character and therefore unsatisfactory as a basis of classification. 

This genus is in need of an intensive bacteriological study like that of 
Smith et al. (10) on the genus Bacillus before an improved classification could 
be recommended. However a good start could be made by making the major 
division on the basis of the three characteristic fermentations rather than on 
the solubility of the pigment as is done at present (2). S. kielensis (S23) can 
be separated from S. plymouthensis (S5) and all other hydrogen-producing 
strains on the basis of the Voges—Proskauer reaction although S23 gives a faint 
test when a sensitive method (1) is used. If the synthetic medium used in 
this work is fermented completely by S23 and then tested after mixing with 
some fresh M.R.—V.P. medium, a definite though weak positive test is obtained. 
Strain S21 gives a strong positive test and can be best classified as S. marcescens. 

Strains $23, S24, and S26 were used by Pedersen and Breed (8). in their 
pioneer work on this genus. Since they used a medium containing consider- 
able amounts of peptone and did not maintain anaerobic conditions, our 
results cannot be expected to agree closely with theirs. There is a general 
correspondence, however, in that S23 gives only small amounts of 2,3-butane- 
diol and acetoin, while the other strains give good yields, and the same products 
are obtained in the same order of importance. 

The carbon utilized by these organisms is practically all accounted for, 
within 2 to 3% error, when the carbon assimilated is determined. More than 
10% of the carbon utilized may be found in this fraction under aerobic con- 
ditions (Table II) but it is usually only about one-half this amount. The 
O/R index is frequently above unity as would be expected since the carbon 
assimilated would be mostly in compounds not as highly oxidized as glucose. 

In order to obtain good agreement between the moles of one-carbon com- 
pounds found and the amount calculated from the moles of two-carbon and 
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four-carbon compounds found it is necessary to assume that succinic acid is 
formed by union of a one-carbon and a three-carbon compound, i.e., by carbon 
dioxide fixation as shown in the following over-all equation: 

CsHi20s + 4H + 2CO.— > 2COOHCH.CH.2COOH + 2H.0. 


The hydrogen and carbon dioxide required may come from the acetic acid 
or 2,3-butanediol fermentations in this group of organisms; hence the yields 
of hydrogen and carbon dioxide or formic acid are found to be lower than 
expected, based on the amounts of acetic acid and 2,3-butanediol found, 
unless the above equation is taken into consideration. Wood et al. (12) have 
shown that the initial carbon dioxide fixation reaction in bacteria is the com- 
bination of carbon dioxide and pyruvic acid to oxaloacetic acid which is then 
transformed to succinic through malic and fumaric acids. Presumably the 
same mechanism operates in the genus Serratia. This leads to an over-all 
equation for the production of 2,3-butanediol which may be added to the four 
already given (7): 
3CsHi20s —>- 2COOHCH:CH:COOH + 2CH;CHOHCHOQHCH; + 2CO, + 2H:0 


This is found to some extent with most of the strains studied, particularly 
S9 (7) which dissimilates approximately 28% of the glucose utilized in this 


fashion. 
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THE DETECTION OF FREE RADICALS IN HYDROGEN ATOM 
REACTIONS WITH ORGANIC MOLECULES' 


By G. M. Harris? AND A. W. TICKNER?® 


Abstract 


The Paneth-Rice free radical detection technique has been applied to the 
study of reactions of hydrogen atoms, produced by the discharge tube method, 
with two compounds, acetone and dimethyl mercury. Bismuth has been demon- 
strated to be a satisfactorily stable ‘mirror metal’ for the purpose, although some 
evidence was noted for the formation of a short-lived hydride of this metal under 
the adopted experimental conditions. A method has been devised for the prepar- 
ation of radioactive bismuth mirrors of known specific activity, utilizing Bi?!® 
(‘Radium E’), obtained from uranium extraction residues, as the tracer. The 
hydrogen atom — acetone reaction system gave no evidence in the present work 
for the formerly postulated existence of free alkyl radicals. However, conclusive 
positive results were obtained in the case of the dimethyl mercury reaction. 
Studies in which the methane-ethane ratio in the products of the latter reaction 
was compared in presence and absence of the radical-sensitive mirror have further 
supported a previously proposed free radical mechanism. 


Introduction 


Considerable evidence has been accumulated of recent years to show that 
‘free radical mechanisms’ offer the most reasonable explanations of many 
reactions involving organic molecules (21, 23). Frequently, an important 
step in the proposed chain for a homogeneous reacting system is a hydrogen 
atom reaction. Such reactions may be independently investigated by utiliza- 
tion of the classical discharge tube method developed by Wood and Bonhoeffer 
(2, 3, 24,25). The high relative concentration of atomic hydrogen so provided 
often initiates drastic disruption of the organic molecule under study, and a 
free radical chain hypothesis usually offers the most adequate interpretation 
of the hydrogen atom reaction itself. Nevertheless, it is obvious that all 
postulated mechanisms of this nature must remain largely speculative in the 
absence of direct evidence for the existence of the supposed free radicals in the 
reacting mixture. 

Direct detection of free alkyl radicals has been achieved in the past for 
many photochemical and thermal decompositions of organic compounds by 
application of the well known technique evolved by Paneth (13) and Rice (16). 
Essentially, this technique is based upon the reaction of the radicals with 
thin deposits of suitable metals located in the vicinity of the reaction zone. 
Volatile metal alkyls are formed, which may be collected for subsequent 


* 1 Manuscript received October 25, 1947. 
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of Science in Chemical Engineering. Presented in part before the Pure Chemistry Section at the 
Annual Conference of the Chemical Institute of Canada, Banff, Alberta, June, 1947. 
2 Present address: Chemistry Department, University of Melbourne, Melbourne, Australia. 
3 Present address: Department of Chemistry, University of Toronto, Toronto, Ont. 
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identification. The object of the present research has been to adapt the 
Paneth—-Rice mirror procedure to the study of Wood—Bonhoeffer hydrogen 
atom — organic molecule reactions. 


Apparatus 


The discharge tube apparatus employed was of conventional design, similar 
to that of recent related investigations (9, 10). The walls of the reactor were 
internally poisoned against excessive hydrogen atom recombination with a 
coating of phosphoric acid. At an operating pressure of 0.4 mm., an atom 
concentration of 20% by volume was readily maintained in the reaction cham- 
ber in the absence of other reactant. Atom concentrations were measured by 
means of a Wrede—Harteck gauge (11, 26), as modified by Chadwell and 
Titani (4). Standard commercial Pirani gauges, supplied by Distillation 
Products, Inc., were found to be quite satisfactory for the required pressure 
measurements. A large trap located in the exhaust system just beyond the 
reaction chamber provided a means for collecting all products involatile at the 
temperature of liquid nitrogen. More volatile products, such as methane, 
could be retained in a silica-gel-filled trap (22), also cooled with liquid nitrogen, 
and placed between the mercury diffusion pump and mechanical fore-pump. 
Blank runs made with hydrogen—methane mixtures, in a manner designed 
to duplicate as nearly as possible the conditions in the experiments in which 
the trap was used, confirmed the suitability of the method. A systematic 
outgassing and desorption procedure similar to that reported in the earlier 
related work (9) was employed. 

The major technical development required in our present project was a 
procedure for the preparation of suitably reactive metallic mirrors, and for 
their subsequent introduction into the reactor. The necessary apparatus was 
as illustrated in Figs. 1 and 2. The 15 mm. diameter glass finger, after 
thorough cleaning and flaming, was inserted into the evaporation cylinder 
(Fig. 1). This system was evacuated to low pressure (<10-* mm.) and 
heat was gently applied in the region of the metal button, tap water mean- 
while being circulated through the finger. It was found possible in this way 
to get reasonably uniform deposition of metal over the whole tip of the finger. 
Several determinations indicated the weight of the mirrors to be of the order 
of 5 to 10 mgm. of metal, though no attempt was made, as a rule, to achieve 
any quantitative standardization of mirror weight. The mirror-bearing 
finger was then supported in the center of the reaction chamber, conveniently 
placed near the reactant inlet (as shown in Fig. 2). 

Both Paneth and Rice have listed a considerable number of metals which 
they and their coworkers have found to be satisfactory detectors for free 
alkyl radicals. The metals selected for study in our investigation were 
tellurium, lead, and bismuth. The bismuth has been included with the two 
more commonly employed mirror metals because of the ready availability of 
its radioisotope of atomic weight 210, the radioactive properties of which 
render it eminently suitable for tracer use. The nonradioactive metals 
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utilized were the purest commercially available; all were assayed at greater 
than 99% purity. The radioactive bismuth (‘Radium E’) was prepared from 
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active residues consisting of the lead fraction obtained in the extraction of 
uranium from its ore. 


Preparation of Radioactive Bismuth Metal 


The procedure adopted for the preparation of radioactive bismuth metal 
was a modification of standard qualitative analysis methods, as follows. 
Concentrated hydrochloric acid was used to dissolve about a gram of the 
lead residue, 0.30 gm. of inactive Bit*+*+ was added as carrier, the solution 
diluted to 100 ml., and a large part of the lead filtered off as the chloride. 
The remaining lead and the bismuth were precipitated as sulphides in acid 
solution, dissolved in aqua regia, and the lead precipitated as lead sulphate. 
To eliminate the last possible trace of active lead, the bismuth was precipi- 
tated as the hydroxide, redissolved after washing, 10 mgm. of inactive Pb** 
added as carrier, and the lead again brought down as sulphate. The bismuth 
was finally collected as the hydroxide, dried, and reduced to the free metal 
by heating in purified hydrogen. 

Activity counts were made by means of an Atomic Instrument Company 
scale-of-64 in conjunction with a standard type of self-quenching Geiger tube 
supplied by the Chalk River Laboratories of the National Research Council 
(20). The initial specific activity of the bismuth as prepared by our procedure 
was of the order of 150 counts per mgm. per min. Its radioactive purity was 
tested by half-life determinations, and values in close agreement with the 
published figure of 5.0 days (18) were obtained in a number of trials. The 
thickness of aluminum required for half-absorption of the radiation was also 
measured, the value found being 48 mgm. per cm.? 


Action of Hydrogen Atoms on the Metal Mirrors 


It is obvious that the occurrence of direct reaction between atomic hydrogen 
and the selected mirror metals would constitute a complicating factor in our 
investigation. Volatile hydrides for all three of these metals have been 
reported in the literature (5), though the existence of the lead and bismuth 
compounds remains somewhat controversial. Pearson, Robinson, and Stod- 
dart (15) observed no appreciable reaction of Wood-Bonhoeffer hydrogen 
atoms with these two metals, although a slow downstream ‘drift’ of the metal 
deposits was noted. The latter effect was explained as an evaporation— 
recondensation phenomenon, induced by the high heat of recombination of 
hydrogen atoms on the metallic surface. They reported rapid and complete 
disappearance of tellurium mirrors under comparable conditions. Recent 
Russian work has indicated a similar reactivity for tellurium (1). 

In order to avoid any possibility of confusion, a number of experiments 
were carried out to test for the action of hydrogen atoms on the mirrors as 
used in our investigation. With bismuth, preliminary work with an uncooled 
mirror verified the evaporation-recondensation phenomenon reported by 
Pearson and coworkers, a slow downward spreading of the mirror along the 
finger being noted. Although the hydrogen atom concentration prior to 
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introduction of the mirror was constant at about 25%, it decreased to less than 
7% in the presence of the bismuth, attesting to the high efficiency of bismuth 
for recombination catalysis. After about 10 min. running time, a process 
additional to the aforementioned evaporation—recondensation was observ- 
able. A thin deposit of bismuth became visible near the outlet from the 
reaction chamber, about 25 cm. below the mirror. No deposition occurred 
between the two locations, and at the end of about 45 min. all the bismuth 
appeared to be in the lower residue. The distance through which the metal 
was transported in the gas phase seems too great to explain by simple distil- 
lation, suggesting the probable formation of a very unstable volatile hydride 
of bismuth. Since the linear rate of flow of the reactor gases was approxi- 
mately 60 cm. per sec., an average life of the order of 0.4 sec. is indicated for 
this hydride under our conditions. 


Subsequent experiments in which the bismuth-coated finger was internally 
cooled with tap water at 20° C. gave little evidence for the previously observed 
evaporation—recondensation drift of the mirror. An extremely slow thinning 
of the mirror was noted, however, and, after 90 min. treatment, a light deposit 
of metal became faintly discernible at the base of the reactor, as occurred with 
the uncooled mirror in a much shorter time. Nevertheless, it was not found 
possible in any experiment of this type to condense out a bismuth-containing 
product in the large trap cooled with liquid nitrogen, in quantity sufficient 
for chemical identification by the usual spot tests, even after runs of as long as 
four hours. 


This nontransport of bismuth to the trap by hydrogen atoms alone was 
given final confirmation by a radioactivity experiment: A bismuth mirror 
with an initial specific activity of 150 counts per mgm. per min. was exposed 
to the action of atomic hydrogen for a four hour period. A small amount of 
volatile material appeared in the trap; it was mixed in a closed system with 
0.4 N silver nitrate solution containing a little inactive Bi+*+*, a modification 
of Paneth’s procedure for absorption of hydride of bismuth (14). Possible © 
traces of solid metallic residue were washed out of the trap with hot dilute 
nitric acid. No measurable radioactivity could be detected from either source.* 
From the known specific activity of the mirror, and the background count 
of the Geiger counter (usually about 25 counts per min.), it could be con- 
cluded on statistical grounds that not over 0.1 mgm. of bismuth was trans- 
ported to the trap. Ina later radioactive tracer experiment exactly analogous 
to this, it was demonstrated that a similar negligible transfer of bismuth to 
the cold trap occurred even with the finger-cooling water at a temperature 
of 45°C. 


A few experiments were performed with cooled lead mirrors in a manner 
comparable to the inactive bismuth runs already described. Initially, a slight 
spreading took place, but the mirror as a whole was quite stable, a four hour 

* For these and all subsequent countings, the acid or other solutions were evaporated to small 


volume and then to dryness in the standard aluminum dishes designed. for use with the Chalk 
River Geiger counters. 
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treatment producing no qualitatively observable reduction in the size of the 
mirror. A similar efficiency for the catalysis of hydrogen atom recombination 
was noted as for the bismuth mirrors. 


In the case of tellurium, tap-water-cooled mirrors of the usual size were 
removed completely within 30 min. exposure to atomic hydrogen, and the 
volatile compound formed condensed as a snow-white solid in the liquid 
nitrogen-cooled trap. This material readily sublimed on warming, and on 
standing at room temperature underwent spontaneous decomposition, a 
property previously reported for hydrogen telluride (17). The products of 
the decomposition were a dark deposit easily identified microchemically as 
tellurium (19), and a gas noncondensable at the temperature of liquid nitrogen, 
obviously hydrogen. It was apparent that hydrogen telluride gas had been 
formed, as expected, and that the use of tellurium mirrors would introduce 
complications into our proposed free radical detection experiments. However, 
it is seen that both lead and bismuth have sufficient stability under our experi- 
mental conditions for our purpose. In view of the previously mentioned con- 
venience of the radioisotope of bismuth for tracer use, this metal was employed 
for all subsequent significant mirror experiments. 


Action of Hydrogen Atoms on Bismuth and Lead Oxides 


Rice and Rice (16) have pointed out that contact with even minute amounts 
of oxygen will render the usual metal mirrors, tellurium excepted, inert to 
free radical attack, presumably owing to the formation of thin oxide films. 
Since our method of preparation of the bismuth and lead mirrors necessitated 
bringing them in contact with the atmosphere, their deactivation as free 
radical detectors was to be expected. However, bismuth and lead oxides 
are stated in the literature to be readily reduced by atomic hydrogen (8). 
This fact was confirmed in our apparatus, with small samples of the pure 
oxides placed in a shallow depression formed in the tip of the water-cooled 
finger. Both oxides could be reduced to metallic powders within a few 
minutes. It was, therefore, concluded that the bismuth and lead mirrors to 
be utilized in our work would be readily activated by a short pretreatment 
with hydrogen atoms prior to their use as free radical detectors. This pre- 
caution was observed in all succeeding experiments in which mirrors were 
utilized. 

Experiments with Acetone 


The reaction of hydrogen atoms with acetone has been studied by Harris 
and Steacie (9). The only products detected were methane and carbon 
monoxide, the extent of reaction being of the order of 5% under the usual 
conditions. On the basis of these findings, supported by a deuterium exchange 
experiment, a free radical mechanism was proposed for the reaction in which 
methyl radicals played a prominent part. 


In the current attempt to provide evidence concerning these radicals, 
acetone vapor was reacted with hydrogen atoms in the vicinity of cooled metal 
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mirrors. The acetone was Eastman Kodak highest purity reagent, and was 
fed into the reactor at a rate of about 2.5 cc. of vapor per min. (N.T.P.), 
its flow being regulated as described in the earlier work (9). 

In initial qualitative experiments, bismuth mirrors underwent no observable 
change when treated with the reacting mixture for a 60 min. period. A 
quantitative tracer experiment was performed, utilizing a radioactive bismuth 
mirror of initial activity 155 counts per mgm. per min. The mirror was 
exposed to the hydrogen atom — acetone reaction mixture for 60 min., all 
products involatile at liquid nitrogen temperature being collected meanwhile 
in the usual cold trap. This product, containing all undecomposed acetone 
as well as possible metal alkyl, was mixed in a closed system with a few milli- 
liters of 6 N nitric acid, to which had been added a little inactive Bi*** as 
carrier. After 12 hr. standing, the solution was evaporated and the residue 
counted, showing no greater activity than the normal background of the 
counter. The large trap itself was rinsed with 6 N nitric acid, and the solution 
evaporated and counted, again with negative result. It could, therefore, be 
concluded that not more than 0.1 mgm. of bismuth was transported to the 
trap, as in the case of the experiment with hydrogen atoms alone described 
above. 

Experiments with Dimethyl Mercury 


Dimethyl mercury was found in a previous investigation (10) to be much 
more reactive with hydrogen atoms at room temperature than acetone. The 
reaction products were free mercury, methane, and ethane, and a free radical 
chain hypothesis involving methyl radicals satisfactorily interpreted the 
results of the investigation. It was to be expected, therefore, that a higher 
concentration of free radicals than with acetone would prevail in this reaction 
and would render their detection by our proposed procedure less difficult. 

The mercury alkyl* was prepared by the method of Gilman and Brown (6, 7) 
and dried over fused calcium chloride. Provision was made to introduce it - 
into the apparatus in the vapor phase by a method similar to that used with 
acetone. The absence of direct reaction between dimethyl mercury vapor 
and cooled bismuth mirrors under our conditions was confirmed as follows. 
A radioactive bismuth mirror of initial specific activity 128 counts per mgm. 
per min. was prepared and given the usual activation treatment with atomic 
hydrogen. The discharge was then switched off, preventing further produc- 
tion of atoms, and dimethyl mercury vapor was caused to pass through the 
reactor at the rate of about 2 cc. per min. (N.T.P.), along with the excess 
molecular hydrogen. After 15 min., during which time no change could be 
seen in the metal film, the vaporizable residue collected in the liquid nitrogen- 
cooled trap was transferred to a bulb and reacted with excess bromine vapor. 
The precipitated metallic bromide resulting from this treatment was washed 
out of the bulb with concentrated hydrochloric acid, evaporated, and counted 
in the usual manner. No radioactivity other than the normal background was 


* We are indebted to the Division of Chemistry of the National Research Council for a supply 
of this compound. 
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evident. In addition, possible involatile metallic residue remaining in the 
trap was washed out with hot 6 N nitric acid, evaporated, and counted, and 
indicated zero activity. This experiment, which was performed with the 
mirror-bearing finger cooled with tap water at 20°C., was later repeated 
with the water maintained at 45° C., again with negative results. 


Runs were now made with the discharge tube in operation and the hydrogen 
atom — dimethyl mercury reaction in progress in the vicinity of the mirror. 
In the first experiment, with tap water circulating through the mirror finger 
at 20°C., or about 5° below room temperature, the bismuth immediately 
began to cloud up with condensed mercury vapor. Within a few minutes it 
was completely concealed by mercury droplets, after which no further marked 
change was observed throughout the 20 min. run period. The two succeeding 
relevant runs were carried out with the cooling water at 40° C., well above 
room temperature, when no visible condensation of mercury occurred on the 
mirror finger, though a grayish fog of it could be seen within a few minutes on 
the walls of the reaction chamber. The bismuth rapidly disappeared, trans- 
port of all visible metal being complete within 10 min. running time. After 
each run, volatile product from the cold trap was brominated as before for 
counting. Involatile metallic residues in the trap and on the mirror finger, 
and in one case from the reactor walls, were dissolved in nitric acid, and the 
evaporated residues also checked for radioactivity. The results of these 
quantitative determinations are summarized in Table I, where all radioactive 
bismuth countings have been translated into weight units. 


TABLE I 
Errect oF H—HG(CHs3)2 REACTION MIXTURE ON BI MIRROR 


Duration of each run = 20 min. Room temperature = 25° C. 














1 2 3 
Temp. of cooling water in finger, °C. 20° 40° 40° 
Initial specific activity of mirror, counts/mgm./min. 128 145 132 
Volatile Bi recovered by bromination, mgm. 0.6 2.2 2.2 
Involatile Bi residual in trap, mgm. 0.6 1:2 1.1 
Total Bi transported to trap, mgm. 2 3.3 3.4 
Untransported Bi mirror residue, mgm. aie 2 0.7 
Bi in washings of reactor walls, mgm. (Not (Not | 
determined) | determined) 














In Harris and Steacie’s work with dimethyl mercury (10), the mechanism 
proposed successfully explained the variation in the relative amounts of 
methane and ethane formed on alteration of the hydrogen atom — mercury 
alkyl concentration ratio. The ethane formation was postulated to be 
entirely dependent upon the existence of free methyl radicals. Consequently, 
the additional presence in the reactor of the effective radical remover, the 
bismuth mirror, might be expected to have a considerable influence on the 
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methane-ethane ratio, other conditions being equal. It was evident that a 
study of this effect would be a worth-while correlative to our present investi- 
gation. 

For this purpose, runs were carried out in which the methane and ethane 
production was measured in the presence and absence of bismuth mirrors. 
It was not deemed necessary to determine the bismuth transport quantitatively 
since the maximum possible volume of its alkyl which could be formed under 
the experimental conditions can be seen to be negligible in comparison with 
the volumes of methane and ethane. Non-radioactive metal was therefore 
used. Undecomposed dimethyl mercury, supposed bismuth alkyl, and most 
of the ethane condensed in the usual cold trap, while the methane and residual 
ethane were collected in the silica-gel-filled trap in the manner described under 
‘Apparatus’. The methane and ethane were separated from the combined 
volatile residue by distillation at —196° (liquid nitrogen temperature) and 
—98° C. (temperature of freezing methanol), respectively. 


TABLE II 


EFFECT OF PRESENCE OF BI MIRROR ON METHANE AND ETHANE PRODUCTION IN REACTION 
BETWEEN H AnD Ho(CH3)2 




















Rate of H2 flow = 69 cc./min. Room temperature = 25°C. 
Duration of runs = 20 min. Mirror-finger temp. = 40°C. 
Mirror absent Mirror present 
Run No. 
1 2 2 4 
Average % of H atoms 10 10 2 2 
Rate of inflow of H atoms, cc./min. 4 7 1.4 1.4 
Rate of inflow of Hg(CHs)2, cc./min. 1% 1.6 1.6 1.6 
Ratio rates of inflow of reactants, 4 4 1 1 
H/Hg(CHs)2 
Total volume CH, formed 30.6 24.6 14.6 14.1 
Total volume C.H¢ formed 14.4 13.8 9.9 9.6 
Calculated volume Hg(CHs)2 decomposed 29.7 26.1 17.2 16.7 
% of total Hg(CHs)2 decomposed 88 82 54 52 
Ratio methane/ethane ae | 1.8 1.5 1.5 
Average % total Hg(CHs)2 decomposed 85 53 
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Average ratio methane/ethane 











The results of these experiments are detailed in Table II, all volumes being 
expressed as cubic centimeters of gasat N.T.P. Hydrogen atom concentration 
measurements with the Wrede—Harteck gauge prior to the non-mirror runs 
indicated the customary 20% value, though this fell to a zero reading by the 
end of each run. This effect was undoubtedly due to atom recombination 
catalysis by the mercury deposit, since subsequent removal of the mercury 
resulted in re-establishment of the usual concentration of atoms. An average 
atom concentration of 10% is thus taken as a fair figure for Runs 1 and 2, 
consistent with the procedure adopted in the previous comparable work (10). 
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In the presence of the cooled bismuth mirrors, the hydrogen atom concen- 
tration was immeasurable by our gauge even before mercury alkyl was 
admitted. It has, consequently, been arbitrarily assumed to have been not 
greater than 2% in Runs 3 or 4 for the purposes of our subsequent discussion. 
It could actually have been of somewhat smaller magnitude, a fact which 
can only serve to enhance the strength of our conclusions. 


Discussion and Conclusions 


Our preliminary mirror experiments in the absence of organic reactant have 
demonstrated that Wood-Bonhoeffer atomic hydrogen has very little effect 
on either bismuth or lead mirrors, when the latter are adequately cooled. 
Comprehensive tests with bismuth gave some slight evidence for gas-phase 
transport of this metal, and the possible formation of traces of a volatile 
bismuthine of not over 0.5 sec. average life was suggested. Nevertheless, 
it was proved that such a process could interfere in no way with our proposed 
free radical detection procedure. Tellurium, on the other hand, rapidly reacted 
with atomic hydrogen under similar conditions, forming the spontaneously 
decomposable gas, hydrogen telluride. This metal was consequently deemed 
unsatisfactory for our purpose. Deactivation as free radical detectors of the 
lead or bismuth deposits by atmospheric oxidation was shown to be easily 
taken care of by a short pretreatment of the mirrors with atomic hydrogen. 
Because of the ready availability of radioactive Bi?!° (Radium E), and of 
the advantages of this element over existing radioactive lead isotopes for 
tracer work, bismuth has been adopted as the most satisfactory mirror metal 
for use in our investigation. 

The attempts to detect free radicals by our method in a hydrogen atom — 
acetone reaction mixture gave negative results. Considering the ease with 
which positive indications were obtained in the subsequent experiments with 
dimethyl mercury, some doubt must be thrown on any mechanism for the 
acetone reaction which involves free methyl radicals. However, two circum- 
stances exist which require consideration in this regard. In the first place, 
the hydrogen atom — acetone reaction has a much higher energy of activation 
than does that with the mercury alkyl (9, 10). Consequently, there must be 
a much smaller number of radicals existent at any one time in the acetone 
reaction system, and these will be in the presence of excess hydrogen atoms. 
The latter will compete with the metal atoms as free radical ‘removers’ by 
reaction with the radicals, largely on the reactor surfaces (12), to form methane. 
Such a process must involve much less steric difficulty than a concurrent 
heterogeneous formation of bismuth trialkyl. 

The second factor, also dependent on the presence of excess hydrogen atoms, 
is the possibility of the decomposition of any bismuth alkyl which may form, 
by reaction with the atoms at a rate high enough to prevent bismuth from 
ever reaching the cold trap. Still, eventual transfer of the bismuth from the 
cooled finger to other areas of the reactor should result, a process for which 
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there was no discernible evidence within the 60 min. reaction period. This 
may be compared to the almost immediately observable transfer of the mirror 
in the dimethyl mercury experiments. 

With the mercury alkyl, the evidence is conclusive that a volatile bismuth 
compound is formed. When the mirror-bearing finger was maintained at 
a temperature slightly below that of the reactor walls, amalgamation of con- 
densed mercury with the bismuth on the cooled finger took place, and fore- 
stalled complete transfer of the latter metal. However, this condensation 
was readily avoided by keeping the finger somewhat warmer than room 
temperature, when complete removal of all visible bismuth rapidly occurred. 
It is, thus, strongly indicated that the hydrogen atom — dimethyl mercury 
reaction is a nonheterogeneous process, certainly in so far as the bismuth 
surface is concerned. The volatile bismuth compound must result, therefore, 
from direct reaction of the metal mirror with radicals which diffuse to it from 
the gas phase. 


It will be noted that no attempt has been made to characterize the supposed 
bismuth alkyl experimentally. Unfortunately, the maximum possible quan- 
tity of bismuth compound which could be formed in any run was extremely 
minute as compared to the residue of undecomposed dimethyl mercury with 
which it was mixed. In view of the great physical and chemical resemblances 
between the two metal alkyls, no practicable separation and identification 
of the organic bismuth compound could be devised. However, considering 
the nature of the reactants involved and of the products formed, it may be 
reasonably assumed that the compound obtained was trimethyl bismuth. 

The residues of metallic bismuth deposited in the trap and on the walls 
of the reactor require explanation. One possibility is the above-mentioned 
assumption of reaction between residual hydrogen atoms and bismuth alkyl 
subsequent to the formation of the latter. Such a reaction should take 
place readily, by analogy to the behavior of the mercury compound, and the 
final products expected would be free bismuth and hydrocarbons. The net 
result of the opposing processes of formation of trimethyl bismuth and its 
partial homogeneous decomposition by hydrogen atoms would account for 
the observed deposition of metallic bismuth on the reactor walls and in the 
cold trap. There is, of course, the possibility that some of the transfer of 
bismuth to the reactor walls occurred through the agency of evaporation or 
hydride formation, but our preparatory experiments have conclusively shown 
that both of these processes occur exceedingly slowly, if at all, with cooled 
mirrors. 

The methane-ethane ratio experiments may be interpreted by reference 
to the results of the earlier related investigation (10). In Table III, com- 
parable data from this work has been recapitulated, together with the averaged 
results of our present experiments. It is seen that the figures obtained in 
the absence of metal mirrors in the recent work check quite satisfactorily 
with Harris and Steacie’s corresponding experiment (Table III, cf. Columns 
2 and 5). With bismuth mirrors present, and the hydrogen atom — dimethyl 
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TABLE III 


COMPARISON OF DATA—METHANE AND ETHANE PRODUCTION 








Present work 





Harris and Steacie (10) 

















Mirror | Mirror 
absent | present 
Column No. 1 2 | 3 | 4 | 5 6 
—_ | | 
Ratio rates of inflow, H/Hg(CHs): | 8.5 3.9 | 1.6 | 05 | 4 1 
% total Hg(CHs;)2 decomposed 98 92 | 88 | 36 | $5 53 
Ratio methane/ethane in product 2:9 2:4 Be | os i 2:8 1.5 








mercury inflow ratio reduced to a value near unity, the percentage of decom- 
position is of the order to be expected. However, the ratio of methane to 
ethane in the product is seen to be markedly larger than in éither experiment 
with comparable atom — mercury alkyl ratio in the earlier work (Table III, 
cf. Columns 3, 4, and 6). The expected inhibition of ethane formation by 
the mirror’s presence thus appears to be adequately confirmed, lending further 
support to the previous conclusions with regard to the mechanism of the 
reaction. 

Summing up, it may be stated that the evidence now at hand does not 
confirm the presence of free methyl radicals in the reaction of hydrogen atoms 
with acetone, though extenuating circumstances exist. Further correlative 
experiments will have to be performed before a more definite conclusion is 
possible. There seems to be little doubt, however, that the hydrogen atom — 
dimethyl mercury reaction is a free radical process, and its mechanism as 
postulated in earlier work is further supported. It is apparent that the 
method developed in this investigation should have general application to the 
study of many of the other hydrogen atom reactions for which free alkyl 
radical chains have been proposed. Further work of this nature is planned 
in this laboratory. 
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THE MECHANISM OF POPCORN POLYMER FORMATION! 






















J. C. Devins? anp C. A. WINKLER 


Abstract 


A kinetic study of popcorn formation in solutions of butadiene in styrene 
indicates that the free radicals necessary for the polymerization are produced 
initially on the seed by decomposition of hydroperoxides. A further reaction in- 
volving opening of double bonds in reacting chains leads also to radical formation. 
The function of butadiene is to supply double bonds to the chain and thus enable 
branching to occur. The growth rate varies with the molar ratio of butadiene : 
styrene in the seed, showing an optimum value at 0.27 M/M. Benzoyl peroxide 
inhibits the reaction somewhat, at the same time catalyzing the normal formation 
of soluble polymer. Popcorn initiation in unseeded samples is catalyzed by 
small concentrations of peroxides, larger concentrations producing no further 
effect. An optimum butadiene : styrene ratio of 0.1 M/M exists in popcorn 
initiation. The reaction apparently does not take place on the surface of the 
vessel. Traces of nitric oxide strongly inhibit popcorn formation in seeded and 
unseeded samples. The proliferative activity of popcorn seed is reduced by 
treating it with nitric oxide. A quantitative treatment of the mechanism is 
given. 


Introduction 






Considerable difficulty has been encountered in the manufacture of GR-S 
by the formation in the styrene recovery units, of an insoluble polymer, referred 
to as ‘popcorn’. The material usually appears first in the condensers, after 
several months’ operation, as small nuclei which begin to grow with increasing 
speed until the whole unit has become filled with a cauliflower-like material. 
Mechanical removal of the expansive polymer is necessary to prevent damage 
to the condensers by the pressure developed. However, small particles 
remaining after the cleaning operation serve as nuclei for further growth, 
thus necessitating intermittent shutdown in plant operations. The present 
study represents an attempt to gain an insight into the mechanism of popcorn 
formation, sufficient to suggest means for its inhibition. Investigation has 
been confined to the kinetics of popcorn formation in styrene containing 
small amounts of butadiene, since with pure styrene no popcorn initiation 
occurs, although it has been found that added seeds will grow to a limited 
extent in the absence of added butadiene. 

















Experimental Method 






Both the styrene and butadiene used were supplied by the Polymer Corpora- 
tion at Sarnia and contained /-butyl catechol as a polymerization inhibitor. 
The styrene was purified by vacuum distillation and was stored at 0° C. for 
periods not exceeding one week. The butadiene was bubbled through a 1 NV 
solution of sodium hydroxide to remove inhibitor, followed by drying over 
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calcium chloride, condensing, and storing at —78°C. At no time during 
the course of one and one-half years was any residue of polymer found in the 
storage vessel. 

The benzoy! peroxide was labelled ‘Kahlbaum’ and was used without further 
purification. It was found to give results, in the normal polymerization of 
styrene, identical with those obtained after recrystallization, and with those 
obtained using Merck C.P. reagent. 

Nitric oxide was prepared by the action of a nitric-sulphuric acid mixture 
on mercury in a simple nitrometer, and was completely colorless. 

Reactions were carried out in sealed Pyrex tubes 16 cm. in length and 
1.5 cm. diameter, placed in a thermostat controlled to within 0.1°C. After 
addition of a solution of benzoyl] peroxide in styrene (and seed, when used) the 
reaction tube was cooled to —78° C., evacuated, and butadiene was condensed 
into it from a calibrated volume. 

After stopping the reaction by freezing in a dry ice — acetone mixture, the 
tube was opened and the contents washed into a flask with approximately 
50 ml. of benzene. The insoluble polymer was digested for three to four 
hours at room temperature, filtered, and after washing well with benzene 
was dried to constant weight at 70°C. The drying was accomplished in 
two days; heating for longer periods produced a yellow discoloration in the 
popcorn (which was invariably pure white initially), probably indicating 
considerable peroxidation. The effect was more marked with popcorn 
prepared in solutions of high butadiene content, and from seeds containing 
large amounts of butadiene. 

The soluble polymer was precipitated by addition to the filtrate of three to 
four times its volume of methanol, coagulation being effected overnight at 
0° C. The supernatant liquor was filtered, and residual benzene and styrene 
in the polymer were removed by refluxing with methanol two to three hours. 
After filtering, the polymer was dried in vacuo at room temperature to constant 
weight, this being accomplished usually within two days. 

The popcorn polymer used as seed was prepared in the absence of benzoyl 
peroxide at 48.9° C. The concentration of butadiene in the seed (and in the 
solution) will be expressed as the number of moles of butadiene per mole of 
styrene (written M/M), and is assumed to be the same as that of the solution 
from which it was prepared. This assumption is probably approximately 
true, since in all samples the monomers were converted to popcorn polymer 
in nearly 100% yields, and since no heterogeneity in a given sample was ever 
observed, even though no special sampling procedure was used and the popcorn 
consisted of quite large particles. The seed, after complete reaction, was 
washed free of soluble polymer with benzene, dried in vacuo at room tem- 
perature, and stored in the dark at 0° C. in sealed tubes free from air. Analyses 
of the seeds for carbon and hydrogen proved to be practically worthless, 
since the experimental error was comparable to the differences sought. Nothing 
more than a general trend could be obtained, following approximately the 
calculated values. 







VOL. 26, SEC. B. 





358 CANADIAN JOURNAL OF RESEARCH. 








The pure polybutadiene seed used was obtained from the rerun tower at 
Sarnia and had been exposed to the atmosphere for several months before 
the experiments were made. 















Experimental Results 


Preliminary investigations on popcorn formation in both seeded and unseeded 
samples in the absence of added catalyst showed poor reproducibility. In view 
of the large effect of small amounts of oxygen on the reaction reported by 
Whitby (14), and since this seemed to be the only variable factor present, 
it appeared that traces of this gas might account for the unsatisfactory results 
obtained. Control of the oxygen content was therefore sought by the addition 
of small amounts of benzoyl peroxide to the system, resulting in considerably 
better reproducibility. 

Seeded Samples 

Experiments were made using popcorn seed varying in butadiene content 
from 0 to 100%, in solutions containing 0.0405 M1//M of butadiene. The 
results are shown in Fig. 1. It is evident from these curves that a pronounced 
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Fic. 1. Rate of seed growth in butadiene-styrene solutions (0.040 M/M). 
Weight of styrene, 4.515 gm. 
Weight of benzoyl peroxide, 8.00 K 107% gm. 
Weight of seed, 0.1000 gm. 
Temperature, 48 .9° C. 











induction period exists, and that a maximum is present in the over-all rate 
as a function of butadiene concentration in the seed. It was also observed 
that seeds grown in pure styrene retained practically no proliferative activity. 
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Earlier workers (4, 15) have found that in a general way the rate of popcorn 
formation increases with increasing butadiene content of the seed, but have 
not reported a maximum present. 

The concentration of butadiene in the solution also exerts a profound in- 
fluence on the reaction rate. In Fig. 2 are shown the growth rates of seeds 
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Fic. 2. Rate of growth of seed (0.0422 M/M) in solutions of various butadiene contents. 
Weight of styrene, 4.515 gm. 
Concentration of benzoyl peroxide, 5.48 X 10 moles per liter. 
Weight of seed, 0.1000 gm. 
Temperature, 48 .9° C. 


containing 0.0422 M/M of butadiene in solutions whose butadiene concentra- 
tions vary from 0.01 to0.2 M/M. From the curves shown in Fig. 2 it can be 
seen that the induction period increases markedly with increasing. butadiene 
concentration in the solution. At a butadiene concentration of 0.00976 
M/M in the solution the curve is essentially linear after the induction period, 
while at higher values the rate increases with time. There appears to be 
little change in the rate (after the induction period) on increasing the butadiene 
concentration of the solution from 0.1007 M/M to 0.208 M/M. In these 
experiments the concentration of benzoyl peroxide was adjusted to 5.48 X 
10-* moles per liter, assuming additivity of the volumes of butadiene and 
styrene, since density data for the solutions were not available. As will be 
shown later, the growth rate is not markedly dependent on benzoyl peroxide 
concentration (at these concentrations) so that little error is introduced by 
this assumption. , 
Results were also obtained for the growth of similar seed in pure styrene, 
and are reproduced in Fig. 3. The soluble polymer formation in these samples 
is also shown. It is evident that there is little, if any, induction period in 
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popcorn formation, and that seed growth falls off with time, approaching 
zero before complete conversion of the monomers to soluble plus insoluble 
polymer occurs. 
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Fic. 3. Rate of growth of seed (0.0404 M/M) and soluble polymer formation in styrene. 
Weight of styrene, 4.515 gm. 

Weight of seed, 0.1000 gm. 

Temperature, 48 .9° C. 
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Fic. 4. Rate of growth of seed (0.267 M/M) in solutions of various butadiene contents. 
Weight of styrene, 4.515 gm. 
Concentration of benzoyl peroxide, 5.48 X 10-* moles per liter. 

Weight of seed, 0.1000 gm. 

Temperature, 48.9° C. 
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Similar experiments were made with seed containing 0.267 M/M of buta- 
diene, the results being given in Fig. 4. It is noteworthy that a point of 
inflection, particularly with pure styrene, occurs in this case. 

To establish whether the reaction to form popcorn takes place on the 
seed or in solution the following experiment was devised. The reaction was 
stopped by cooling after a time late in the induction period, and the solution 
in three of the samples was replaced by fresh monomers and benzoy! peroxide 
in concentrations similar to those initially used. After resealing, the reaction 
vessels were again placed in the thermostat and the samples allowed to react 
for various periods of time. If reaction takes place in solution to build up some 
intermediate which reacts to form, or precipitates as, popcorn a new induction 
period should occur in those samples to which fresh monomers were added. 
The results are shown in Fig. 5, and clearly indicate that the reaction is little 
affected by replacement of the solution by fresh monomers, so that the induc- 
tion period observed must be due to changes taking place on the seed rather 
than in the solution. 
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Fic. 5. Growth of seed (0.0404 M/M) in butadiene-styrene solution (0.0404 M/M) 
Solution replaced after partial reaction. 


Weight of styrene, 4.515 gm. 

Weight of benzoyl peroxide, 8.00 X 10-3 gm. 
Weight of seed, 0.1000 gm. 

Temperature, 48 .9° C. 


Further evidence that soluble polymer is not an intermediate in the form- 
ation of popcorn can be derived from analysis of the rate of formation of 
soluble polymer in samples containing popcorn seed. The results of a typical 
experiment are shown in Fig. 6, from which it is evident that no relation 
exists between the end of the induction period and the concentration of 
soluble polymer. It has been found that there is a linear relation between 
the initial rates of soluble polymer formation and the square root of benzoyl 
peroxide concentration, identical in both seeded and unseeded samples. As 
can be seen from the results given in Fig. 7, changes in benzoyl peroxide 
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concentrations do not influence the earlier part of seed growth, while, in gen- 
eral, during the latter part of the reaction benzoyl peroxide inhibits rather 
There appears to be little doubt, therefore, 


than catalyzes popcorn formation. 
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that soluble polymer is not an intermediate leading to the formation of 
popcorn polymer. 

Since growth apparently takes place directly on the seed, experiments were 
made using various initial seed weights. The results are shown in Fig. 8 and 
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Fic. 8. Effect of weight of seed (0.267 M/M) on popcorn growth in butadiene-styrene 
solution (0.0406 M/M). 


Weight of styrene, 4.515 gm. 
Weight of benzoyl peroxide, 8.00 K 10-* gm. 
Temperature, 48 .9° C. 


serve to indicate the catalytic influence of the seed. It is obvious from these 
curves that the rate depends upon the weight of seed rather than the weight 
of popcorn present at any time, since considerable differences in rate are 
observed with similar amounts of popcorn present. 


Preliminary experiments on the growth of seed containing 0.0422 M/M 
of butadiene indicated that, at 75° C., with a concentration of 0.04 M//JM in 
solution, the monomers were completely converted to soluble polymer before 
appreciable growth occurred. At room temperature the induction period 
was much longer (about three weeks) but practically complete ‘popping’ 
occurred. Preliminary experiments using seed containing 0.26 M/M of 
butadiene indicated that measurable rates under the above conditions could 
be obtained over a temperature range from 20° to 100°C. The results of 
quantitative experiments over this range are shown in the curves reproduced 
in Fig. 9 and indicate a rather surprising temperature coefficient. Between 
65° and 85° C. the reaction appears to be independent of temperature, while 
below 65° the induction period increases very rapidly, although growth once 
started soon reaches a rate comparable with that occurring at higher tem- 
peratures. 
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Initiation of Popcorn Polymer 

As previously mentioned, preliminary experiments on the initiation of 
popcorn in unseeded samples indicated that traces of oxygen in the system 
exerted considerable influence on the reaction rate. As with seeded samples, 
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it was found that fairly reproducible results were obtained by the addition of 
benzoyl peroxide, in quantities small enough so that complete conversion to 
soluble polymer did not occur during the rather long induction period. 


Qualitatively, the results were similar to those reported by Whitby (14). 
After an induction period of approximately one week (at 48.9°C.) a small 
nucleus of insoluble popcorn polymer was observed at the bottom of the 
tube, but not attached to the glass surface. The surrounding liquid varied 
in viscosity at this point, depending upon the concentration of benzoyl 
peroxide added, and in some samples the nuclei were unable to grow further 
before the whole had been converted to glassy soluble polymer. After the 
nucleus had appeared, growth usually occurred at a relatively rapid rate, 
polymerization being completed in one to two days, although the degree of 
‘popping’, that is, the amount of popcorn formed, varied with the soluble 
polymer content at the end of the induction period. Occasionally small 
amounts of popcorn were found at the top of the reaction tube, in the vapor 
phase, particularly in those samples containing large amounts of oxygen and 
in which ‘popping’ was only partially completed. As reported by Whitby 
(12, 13, 14, 15), it was found that the introduction of rusty iron and water 
usually catalyzed the initiation slightly. 
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To determine the effect of butadiene and the influence of benzoyl peroxide 
on popcorn growth, experiments were made in which the concentrations of 
these reagents were varied. The time taken for the nucleus to appear was 
used as a measure of the initiation period and the results are of only semi- 
quantitative value, being probably correct to within 10 to 20%. Reproduci- 
bility, within these limits, is fairly good in those samples containing added 
benzoyl peroxide, but considerable variation occurred in samples not so 
treated. In such samples considerable care was taken to remove free oxygen 
from the system by flushing out repeatedly with nitrogen. The results of 
these experiments are shown in Table I, and indicate that an optimum con- 
centration of butadiene, near 0.1 M/M, exists. The presence of small 


TABLE I 
INITIATION OF POPCORN POLYMER IN UNSEEDED SAMPLES 


Weight of styrene, 4.515 gm. Temperature, 48.9° C. 











Butadiene Benzoyl peroxide Time for nucleus Time for 
. concentration, weight, appearance, complete 
M/M gm. days popping 
0.0405 2.80 X 10-3 6.5 Solidified 
0.0405 2.80 X 103 6.5 Solidified 
0.102 2.80 X 107% 5.3 6.5 
0.102 2.80°x 1073 5.0 5.9 
0.266 2.80 xX 10-3 8.0 9.8 
0.266 2.80 X 1073 6.6 8.5 
0.0405 5.40 X 10-4 Woke 10 
0.0405 5.40 X 10-4 6.4 8.8 
0.102 5.40 < 10-* a3 6.3 
0.102 5.40 X 1074 4.9 6.3 
0.266 5.40 xX 10-4 10.0 11.3 
0.266 5.40 < 10-* 10.0 a 
0.0405 Nil 11.37 13.8 
0.0405 Nil 11.7 13.8 
0.102 Nil 9.6 11.7 
0.102 Nil 6.3 8.7 
0.266 Nil ca. 25 — 
0.266 Nil ca. 25 — 
0.0405* Nil 4.3 8.3 
0.0405* Nil 8.3 9.3 
0.102* Nil 5.3 6.9 
0.102* Nil 4.3 5.3 
0.266* Nil ca. 14 — 
0. 266* Nil ca. 14 — 














* Contains 3 gm. of powdered Pyrex. 


amounts of peroxides apparently promotes the formation of the insoluble 
polymer, although an optimum at low concentrations exists, above which 
little further catalytic activity occurs. The results are not sufficiently 
extensive to determine whether the presence of traces of peroxides are neces- 
sary for popcorn initiation, since such traces probably were present in the 
styrene used. 
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Because of the catalytic activity of the seed and of such solid substances as 
rusty iron, it appeared possible that nucleus formation takes place by some 
mechanism involving adsorption and requiring the presence of a surface. 
To determine whether such heterogeneity was involved, powdered Pyrex was 
added to the system, containing no benzoyl peroxide, and the reaction rate 
was evaluated in the normal fashion. It was found that considerable air, 
which could not be completely removed by flushing with nitrogen or by evacua- 
tion, was occluded on the powdered glass, so that some correction must be 
applied for this factor. The results are shown in Table I, and comparison 
with those shown for samples containing no added surface indicates that little 
catalytic activity occurs. The slight catalytic effect observed can probably be 
adequately accounted for by the occluded oxygen introduced into the system. 


Inhibition of Popcorn Growth 


In view of the evidence presented by Medvedev (8) that free radicals exist 
on the surface of polymers after polymerization is completed, and by Kharasch 
(5), who has expressed similar ideas concerning popcorn polymer, experiments 
were designed to determine whether growth of popcorn seed did occur by a 
propagation reaction of free radicals present on the seed. McClure et al. (7) 
have shown that benzoyl peroxide decomposes to form free radicals, which 
should deactivate the seed to a marked extent if the surface does contain 
radicals. Weighed quantities of seed containing 0.0404 M/M of butadiene 
were treated for 14 hr. with an acetone solution of benzoyl peroxide at a 
temperature of 48.9° C., control experiments being made simultaneously on 
similar seeds treated only with pure acetone. After the above treatment 
the acetone was evaporated from the seeds, fresh benzoyl peroxide was added 
to the untreated samples, and the monomers were finally introduced. The 
results of these experiments showed no significant deactivation of the seed by 
benzoyl peroxide, the proliferative activity being the same for control and 
treated samples. 

Kharasch (5) has reported that popcorn seed may be deactivated by the 
action of nitric oxide, which he attributed, at the time, to free radicals existing 
on the surface of the seed. Experiments have been made using 0.0405 M/M 
seed treated with nitric oxide for five minutes under pressures ranging from 
24 to 76 cm., and under a pressure of 76 cm. for periods of time ranging from 
2to15 min. After removal of the nitric oxide by evacuation, 0.1 gm. samples 
of these seeds were added to the normal reaction mixture containing 0.0405 
M/M of butadiene and 8 X 10-* gm. of benzoyl peroxide and were incubated 
at 48.9°C. In all cases the growth of seed was considerably retarded, although 
approximately 0.5 gm. of popcorn formed before the monomers were com- 
pletely used up in forming soluble polymer. It seems likely that if free radicals 
existed on the surface, and were responsible for growth, complete deactivation 
should occur in the time allowed. The reaction of peroxides with nitric oxide, 
however, is known to be relatively slow, so that, if these were responsible for 
free radicals which could then grow by normal propagation, only partial 
deactivation would be expected. 
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Assuming that popcorn polymerization, like most polymerizations of this 
type, is of a free radical nature, it is to be expected that nitric oxide should 
exert a profound inhibitory influence on the reaction. Experiments have 
indicated this to be true. With 0.2% (by weight) of nitric oxide present in 
six samples containing 0.0405 M/M of butadiene and 8.00 X 10-* moles 
per liter of benzoyl peroxide, complete inhibition of popcorn initiation and the 
formation of soluble polymer occurred for a period greater than six months 
at 48.9°C. In all samples a color change to pale yellow occurred shortly 
after the introduction of nitric oxide. 

Further experiments were made with seeded samples using varying amounts 
of nitric oxide and in the presence of rusty iron and water, since these materials 
are present in the plant recovery system. The results of these experiments, 
shown in Table II, indicate that nitric oxide is an effective inhibitor for the 


TABLE II 


THE INFLUENCE OF NITRIC OXIDE ON SEED GROWTH, 
0.0422 M/M 


Weight of styrene, 4.515 gm. 

Weight of butadiene, 0.095 gm. 

Ratio of butadiene : styrene in solution, 0.0405 M/M 
Weight of benzoyl! peroxide, nil. 

Weight of seed, 0.1000 gm. 

Temperature, 48.9° C. 











% nitric oxide, weight Results 
0.1 No growth after 80 days 
0 i 05 “ “ “ 80 “ 
0 01 “ “ “ 80 “ 
0.002 Popped after 46 days 
*0. 1 “ “ 36 “ 
*0 . 01 “ “ 12 “ 








* Contained 1 ml. of water and rusty iron. 


growth of popcorn polymer seeds, and that it would prove effective in the 
plant in extremely small concentrations. It is interesting to note that after 
growth had started (that is, after it had become visible), complete ‘popping’ 
occurred in one to two days, or at approximately the normal rate. 

Attempts to determine the solubility of nitric oxide in styrene indicated 
that a chemical reaction occurred. A white crystalline substance, insoluble 
in styrene, separated, and an inert gas, probably nitrogen, was produced. 
Bloomfield and Jeffrey (1) have found nitrogen in the products formed in 
similar reactions. 

Nitrogen dioxide was found to react violently with styrene, the reaction 
being sufficiently exothermic, with no external cooling, to cause ignition. By 
dropwise addition of N2O, to styrene cooled in a dry ice — acetone mixture the 
reaction could be controlled, the product being a viscous brown oil, distilling 
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at 175°C. under atmospheric pressure. The distillate was found to inhibit 
strongly the normal polymerization of styrene. Whitby has since reported 
that it shows marked inhibitory properties in popcorn polymerization. 


Discussion of Results 


Since soluble polymer is apparently not an intermediate in the formation 
of popcorn the pronounced inhibitory effect of nitric oxide on seed growth and 
popcorn initiation (as well as on soluble polymer formation) indicates that the 
processes take place by a free radical mechanism. 


The results shown in Fig. 5 indicate that the removal of impurities or of 
butadiene from the solution is not necessary to cause reaction to begin; 
that is, the induction period cannot be attributed to these factors, but must 
occur because of changes taking place only on the seed. The experiment 
indicates also that the rise in rate cannot be attributed to a rise in temperature 
due to an increase in viscosity of the system, as was found to be true for the 
polymerization of methyl methacrylate (9, 10). 


It is thus apparent that popcorn growth (at least with seeded samples) 
must occur on the added seed, and therefore, that free radicals must either 
be present on the seed initially or must be formed during the reaction. It 
should be possible, therefore, to express the rate of seed growth by the equation 


where P is the weight of popcorn at time ¢, 2 is the number of free radicals 
present as growing chains on the seed, and k is a number involving the monomer 
concentrations. 

Assuming further, that the formation of popcorn involves true copolymeriza- 
tion, taking place by a series of reactions similar to those discussed by Norrish 
and Brookman (9), & should be expressible as a function of the monomer 
concentrations, similar to that given by these workers. From their relation, 
and from the fact that butadiene polymerizes much more slowly than styrene, 
it is evident that k should decrease with increasing butadiene concentration. 
In applying this relation, of course, it is assumed that a steady state involving 
active butadiene and styrene chain ends exists throughout the reaction, an 
assumption that can only be true if the rates of initiation and termination of 
chains are slow compared with the rate of growth of the chains. Since the 
over-all reaction rate is comparatively slow this condition must be satisfied. 


The results shown in Fig. 2 indicate that the increase in rate with time 
cannot be accounted for by a decrease in butadiene concentration, since a 
decrease in the initial concentration actually produces a decrease in rate (after 
the induction period, during which the butadiene concentration is essentially 
constant). The changes in growth rate with time cannot, therefore, be 
accounted for by changes taking place in k, but must be due to changes in n 
as the reaction proceeds. 
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There is little possibility that free radicals, existing initially on the seed, 
produce popcorn polymer by a propagation reaction. The results of treating 
the seed with nitric oxide or with a solution of benzoyl peroxide indicate 
this to be true. Furthermore, in all experiments, the initial rate of popcorn 
growth is zero, a fact that could not be true, were free radicals present on the 
seed at the outset of reaction. 

Reaction of the seed with benzoyl peroxide could lead to an intermediate 
that would decompose to form free radicals. The actual inhibitory effect 
of benzoyl peroxide on popcorn growth observed, however, indicates that such 
an effect must be small. 

The results of Welch et al. (11) on the growth of polybutadiene seed in pure 
butadiene have indicated that a relation of the type 


exists. Such an equation might be derived assuming that activation of the 
double bonds in deactivated popcorn could produce the free radicals necessary 
for polymerization. An induction period occurs, however, even in the 
logarithmic plot of the data given in Figs. 2 and 4, and, although after this 
induction period, the curves derived from Fig. 2 do satisfy the above relation 
reasonably well, this is entirely untrue for those obtained from Fig. 4. Further- 
more, it is to be expected that if double bonds open on chains already termin- 
ated, the growth rates of all seeds should approach a constant value deter- 
mined only by the solution composition, and increasing with an increasing 
butadiene : styrene ratio, a fact that is certainly untrue. 

The importance of peroxides on the seed in determining the growth rate has 
been emphasized by Whitby (15) and Kharasch ef al. (6). The latter have 
attributed the nonlinear rate curves observed by Welch (11) to a rate of 
initiation (decomposition of the peroxides on the seed) greater than the rate 
of termination of chains. 

Assuming, therefore, that the free radicals necessary for seed growth are 
produced entirely by the decomposition of peroxides (or hydroperoxides) 
on the seed it is possible to set up an equation representing the number of 
growing chains as a function of the time. It is probable that such an initiation 
rate is first order with respect to the number of peroxides on the seed, although 
the decomposition may require a reaction with one or both of the monomers 
present. The rate of initiation may therefore be expressed: 


in tan “to 
i 1€0€ ’ 


where ¢o is equal to the initial number of peroxide groups which will react 
on the seed, and & is the rate constant, in which has been incorporated the 
monomer concentrations, assuming them to be constant. 

Termination of the growing chains may take place in a number of different 
ways. Reaction between two growing chains could deactivate both with the 
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formation of a covalent bond. Such a reaction would lead to a rate of termin- 
ation proportional to n®. Growing chains might react with free radicals in 
solution, probably present as growing chains of soluble polymer. This reaction 
would give rise to a termination rate proportional to m and to the number of 
free radicals in solution, a function of the benzoyl peroxide concentration. 
Chain transfer reactions, similar to those proposed by Flory (3), if occurring 
on popcorn seed, would result in actual termination with the production of a 
new growing chain in solution. Reactions of this type, possibly involving 
both benzoyl peroxide and monomer molecules, would lead to a rate of termin- 
ation proportional to n. 


Thus, following the above assumptions concerning popcorn growth, the 
following equation may be written for the number of growing chains as a 
function of the time: 


dn _ —kyt . 
rT, ost kicoe kon kan ’ 


where kz is a complete rate constant including radical termination and transfer 
reactions, and k; is the rate constant for reaction between two chains growing 
on the seed. 


; : ; . : dn 
It is evident from this equation that the maximum value of oF must occur 


’ . oe : 1P 
at zero time, at which point it is equal to kico. Since =4 = kn, values of a 


plotted against time should give a curve proportional to the relation between 


nandt. Values of obtained from the curves shown in Figs. 2 and 4 are 
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Fic. 10. Growth rate of seed (0.0422 M/M) as function of time. (Data as for Fig. 2.) 


plotted in Figs. 10 and 11 as a function of the time. From Fig. 11, repre- 
senting the growth of 0.267 M/M seed, it is evident that, while in pure styrene 


the initial slope, that is, q ? 18 4 maximum, with butadiene present this is no 
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longer true, a point of inflection occurring before m reaches a maximum value. 
dn 


dt 
shown in Fig. 10 representing the growth of 0.0422 M/M seed. There thus 
appears to be an induction period not only in the formation of popcorn, but 
also in the initiation of radical chains, when butadiene is present in the 
solution. 


The increase in with increasing time is even more apparent in the curves 
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Fic. 11. Growth rate of seed (0.267 M/M) as function of time (Data as for Fig. 4.) 
3 


A possible explanation for the role of butadiene in producing an induction 
period in the formation of radicals lies in assuming that butadiene reacts 
with peroxides to form an intermediate that then decomposes to form free 
radicals. Such an assumption leads to the following equation: 


dn 
— = khic + khsX — kon — kz? , 
dt 
where 
oi <i 
c = oe ee = Coe , 
and 


ky|Bd] co [ —Kt —ket 
X = — > le —e ‘ 
kk —K 
X is the number of molecules of peroxide—butadiene intermediate on the seed, 
|Bd] represents the concentration of butadiene in the solution, 
ky is the rate constant for the formation of intermediate, 


k; is the rate constant for the decomposition of intermediate to form free 
radicals. 

Although this equation indicates that an induction period in the formation 

dn 

dt 

curve having a maximum slope at zero time. It is evident, however, on 


of radicals should exist, it predicts that plotted against time should give a 








372 CANADIAN JOURNAL OF RESEARCH. VOL. 26, SEC. B. 


examination of the curves shown in Fig. 10 for the growth of 0.0422 M/M 
seed that, particularly at the higher concentrations of butadiene, the curve 
dn 
dt 

To explain the results obtained it appears necessary to introduce another 
reaction by which free radicals can be formed, which is not dependent upon 
decomposition of any molecular species on the seed surface. A reaction similar 
to that postulated by Medvedev (8) in the polymerization of chloroprene, 
which involves opening the double bond in a reacting chain, could produce 
free radicals in the manner sought. Opening double bonds in the deactivated 
popcorn chains formed has already been discussed (above) and shown to be 
inadequate. The most logical assumption appears to be that the energy 
released by monomer addition to the growing chain will distribute itself 
along the chain and that, occasionally, sufficient energy will concentrate in a 
double bond (of a butadiene unit) to open it. If collision with a monomer 
molecule occurs at this point before the activated bond can return to its 
normal state, a new growing chain (actually two) will then be started. Such 
an hypothesis explains the importance of butadiene in the ‘popping’ reaction. 


showing — as a function of time possesses a pronounced induction period. 


Assuming, then, the following reactions: 








ky 
1. c + M———— n 
Initiation 
ko 
2. % 3n 
ks 
3.n+ M —>n Propagation 
Rg 
4. n + r———— m 
Termination 
ks 
5. 2n >m, 





where 
¢ represents a peroxide group on the surface of the seed, 
M represents a monomer molecule, 
nm represents a growing chain, 
r includes all types of molecules or radicals (other than ) capable of 
causing termination, 
m is an inactive chain, 
it follows that: d 


= = kc + kon — kin — ksn?, 


where concentrations of monomer, and of 7, as well as the factor 2 occurring 
in Reaction (2) have been included in the respective rate constants. In this 
equation ¢c and 7 represent the number (on the seed) of peroxide groups and 
free radical chains respectively. 
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Since this equation is nonlinear a simple solution is unlikely, but, as a first 
approximation, the last term may be neglected. The error may not prove 
serious, since the movement and thus the possibility of collisions between 
chains growing on the seed is considerably hindered. The equation thus 
becomes: de 

dt 
where k is equal to ky — ky. 


= kiwe" + kn, (1) 


Integration gives: 








Af Rico kt a —kyt 
n=74 5 |e et. (2) 
where we have assumed that at¢ = 0 mu = 0. Substituting this value for 
n in the equation of propagation 
dP 
—= = k3n 
, ‘ dt 
and integrating: 
~ py = Pein [1 (*# _ yy ti (*_ 
P- P= li (e* — 1) ‘ (ec 1)], (3) 


where P represents the weight of popcorn at time ¢ and Py» represents the 
initial weight of seed. 

It is evident from this treatment that an induction period may occur in 
dn 
dt 
in a comparison of the curves shown in Figs. 2 and 4. 


, and should be especially pronounced at low values of co, as is observed 


That the concentration of hydroperoxide groups, cy , may show a maximum 
with increasing butadiene content of the seed, in accordance with the require- 
ments of Fig. 1, is indicated by the work of Farmer and Sutton (2), who have 
found that hydroperoxide groups may interact with double bonds in low 
molecular weight polyisoprenes. It seems probable also that the surface 
area available to peroxidation and polymerization decreases in passing from 
the highly porous cauliflower-like styrene popcorn to glassy insoluble poly- 
butadiene. 


Equation (3) offers an explanation for the fact that while growth of the 0.04 
M/M seed is logarithmic after the induction period, this is untrue for the faster 
growing 0.267 M/M seed, where cp is so large that large monomer conversions 
have occurred in a time short enough so that the second term in the equation 
has not become negligible compared with the first, and appreciable hydro- 
peroxide decomposition is still occurring. 


Application of Equation (3) to growth of seeds in solutions of varying 
butadiene concentrations implies a knowledge of the functional relation 
between the various constants and the monomer concentrations. In general, 
it is obvious that k will increase, at least with small butadiene concentrations, 
and k; will decrease, as the butadiene : styrene ratio in the solution increases. 
The changes in k; and ks with increasing butadiene concentrations in solution 
are difficult to predict, although, from the observed increase in induction 


- 
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period it would appear that k; decreases. Such an effect suggests the necessity 
for the formation of a styrene—hydroperoxide complex, which decomposes 
with the formation of a free radical. The observed magnitude of the effect 
may indicate considerable adsorption of butadiene on the seed. 


That k2 does in fact increase with increasing butadiene concentration may 
be seen from a logarithmic plot of the data shown in Fig. 2, With the faster 
growing 0.267 //M seed the importance of the second term in Equation (3), 
which contains the decreasing factor k; , is apparently sufficient to produce an 
over-all decrease in rate as the butadiene concentration increases, as is evi- 
denced in Fig. 4. 

Two limiting cases may be presented wherein semiquantitative agreement 
between experiment and theory is found. With pure styrene k of course 
becomes equal to —ky, and Equation (3) predicts that growth will cease 
before complete conversion of the monomers, if ¢o is sufficiently low. This is 


observed to be true from the curves shown in Fig. 3. Furthermore, as can 
- = : P ; dn 

be seen on differentiation of Equation (2), with k set equal to —k;, a must 

be a maximum at zero time. This is in agreement with the results shown in 

Fig. 11. It is to be expected that at some low butadiene concentration k» 

will become equal to ky , whence Equation (3) becomes linear with respect to 

time after the induction period. From the curves shown in Fig. 2 this is 


seen to occur at approximately 0.00976 17/M. 
From Equation (3) it is seen that plotting ee as a function of the 
0 


time should give (for a solution of given composition) a curve independent 
of the weight or type of seed. Assuming that ¢o is proportional to the weight 


aa ls : , —P ‘ , ; : 
of seed it is evident that plotting * against time should give a single 


Po 

curve for all experiments in which only Po was varied. The results shown in 
Fig. 8 are plotted in this manner in Fig. 12, and indicate these predictions to 
be correct. 


The inhibitory effect of benzoyl peroxide (Fig. 7) indicates that the free 
radicals produced in solution may react with and thus terminate growing 
chains on the popcorn. Since the effect is not particularly marked it seems 
probable that other reactions such as chain transfer contribute considerably 
to chain termination. The decrease in rate at higher conversions for some 
of the seeds may be accounted for by the relatively large increase in benzoyl 
peroxide concentration occasioned by the removal of monomers from the 
solution as insoluble polymer. In general, the effects of benzoyl peroxide 
observed appear somewhat inconsistent and further work is necessary to 
elucidate its role in the reaction mechanism. 


The somewhat unusual temperature coefficient observed in Fig. 9 may also 
be explained by the mechanism outlined above. It is probable that of the 
reactions postulated (cf. p. 372) Reaction 1 possesses by far the highest activa- 
tion energy. At higher temperatures, therefore, it is to be expected that 
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within a short time all the peroxide groups will decompose, and: the reaction 
will become practically independent of temperature. 
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Fic. 12. Ratio popcorn formed : seed weight as function of time. (Data as for Fig. 8.) 


Equation (3) then becomes 
P aaa Po => k3Co [1/k(e** = 1)] ’ 
assuming that k; > k. 


As is observed, the induction period should increase markedly with decreas- 
ing temperature, at the lower temperatures. 


Calculations of the constants appearing in Equation (3) have been made 
in an approximate manner. Expanding the exponentials in Equation (2) 
by Taylor’s theorem it is evident that for small values of ¢ 


dP 

> Rskicot , 
and thus that the rate of popcorn formation should be a linear function of the 
time in the early stages of the reaction. This is seen to be approximately true 
in Figs. 10 and 11. From the slopes of the initial linear portions of these 
curves, values of k3kicy have been calculated for seeds containing 0.0422 M/M 
and 0.267 M/M in a solution containing 0.041 M/M of butadiene and 
5.48 X 10-% moles per liter of benzoyl peroxide, and found to be 1.00 X 
10-7 gm. per min.? and 1.00 X 10-> gm. per min.? respectively. Thus, the 
ratio of initial peroxide concentrations in the two seeds is 1/100. Assuming 
that in the later stages of the growth of 0.0422 M/M seed radicals are pro- 
duced exclusively by branching, the slope of the straight line obtained by 
plotting the logarithm of popcorn weight against time is equal to Ss : 
The value of & thus obtained for growth in a solution containing 0.041 M/M 
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of butadiene is 1.29 X 10-* per min. From Equation (3) it can be seen that 


‘ — . ‘ k3kic 
the intercept of this line at zero time is equal to log 7 ie — , so that by 


+ ki) 
substitution of the above values of k and ks3kico, ki can be calculated. By this 
method it is found to have a value of 1 X 10 per min. The values of these 
constants are subject not only to the relatively large uncertainties of the initial 
rates but are also dependent upon the constancy of such factors as monomer 
and benzoyl peroxide concentrations and the viscosity of the system, as well as 
the unimportance of recombination of radical chains growing on the seed. 
However, as shown in Fig. 13, the agreement between experimental points 
and curves plotted from Equation (3) using the above values of the constants 
is quite good. 
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Fic. 13. Comparison of observed growth rate with theoretical curves. (Data from Figs. 2 
and 4.) 


The production of free radicals by branching of growing chains offers an 
explanation for the fact that popcorn (in unseeded samples), after nucleus 
formation has occurred, forms at rate approximately equal to that in seeded 
samples, even though oxygen has been rigorously excluded from the system. 
It is clear that in the formation of a nucleus, oxygen may play a role, since 
this must be accomplished by branching of chains existing initially as soluble 
polymer. Thus, since oxygen (or peroxides) in solution catalyzes the formation 
of soluble polymer it must catalyze, to some extent, the initial formation of 
a nucleus, although once this is present it appears that reaction proceeds 
completely by the formation of radicals by the branching process, and that 
oxygen acts as an inhibitor, probably by termination of the growing chains. 


The maximum initiation rate at a butadiene concentration of 0.1 M/M may 
occur because of an optimum in the rate of branching (as observed in seeded 
samples) at this concentration. Further increase in the butadiene concen- 
tration will lower considerably the rate at which propagation occurs, thus 
increasing the initiation time. 

The effectiveness of nitric oxide as an inhibitor of seed growth is readily 
understood in the light of the above suggestions, since this reagent combines 
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readily with free radicals. As long as the concentration of nitric oxide is 
sufficient to ensure that the rate of radical termination is greater than that 
of branching and peroxide initiation, little growth will occur. When the con- 
centration has dropped below this value (because of reaction with radicals) 
growth will become logarithmic, the consumption of the nitric oxide remaining 
will increase rapidly, and the ‘popping’ reaction will soon reach its normal 
rate. It is thus possible to explain why, in samples containing nitric oxide, 
even after an induction period of several months, growth of the seed once 
started occurs at approximately the normal rate. It is further evident that 
reagents capable only of destroying peroxides on the seed cannot prevent 
popcorn formation. 
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